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1   Introduction 

Background 

Volatile Organic Compounds 

Volatile organic compounds (VOCs) are organic chemicals that have a boiling 
point < 100 °C and/or a vapor pressure > 1 mmHg at 25 °C (Tchobanoglous and 
Burton 1991). They include alkane gases (e.g., methane), alcohols (e.g., metha- 

-nol), low-molecular-weight petroleum hydrocarbons (e.g., benzene and toluene), 
halogenated aromatics (e.g., chlorobenzenes), and halogenated solvents (e.g., 
TCA and TCE). Table 1 lists the 31 (out of the 129) priority pollutants desig- 
nated by the U.S. Environmental Protection Agency (USEPA) as volatile organic 
compounds. They are of particular environmental interest because they are very 
mobile, especially in the vapor phase, may affect the human senses through odor, 
may exert a narcotic effect, and may be toxic and even carcinogenic. VOCs also 
react with nitrogen oxides and other airborne chemicals photochemically to form 
ground level ozone, which is a primary component of smog. Recently, especially 
after the passage of the Clean Air Act Amendments of 1990 (CAAA), emission of 
VOCs to the atmosphere is receiving close scrutiny and becoming a greater con- 
cern to regulatory agencies, industry, and the general public. 

Table 1 . List of VOCs defined as priority pollutants by the USEPA. 

1. Acrolein 17. 1,2-Dichloropropane 
2. Acrylonitrile 18. 1,3-Dichloropropylene 
3. Benzene 19. Ethylbenzene 
4. Bis (Chloromethyl) Ether 20. Methyl Bromide 
5. Bromoform 21. Methyl Chloride 
6. Carbon Trtrachloride 22. Methylene Chloride 
7. Chlorobenzene 23. 1,1,2,2-Tetrachloroethane 
8. Chlorodibromomethane 24. Tetrachloroethylene 
9. Chloroethane 25. Toluene 
10. 2-Chloroethyl vinyl Ether 26. 1,2-Trans-Dichloroethylene 

11- Chloroform 27. 1,1,1-Trichloroethane 
12. Dichlorobromomethane 28. 1,1,2-Trichloroethane 
13. Dichlorodifluoromethane 29. Trichloroethylene 
14. 1,1-Dichloroethane 30. Trichlorofluoromethane 
15. 1,2-Dichloroethane 31. Vinyl Chloride 
16. 1,1-Dichloroehtylene 
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Among the gas streams containing VOCs are off-gases from air strippers, aerobic 
biological treatment, anaerobic treatment, and bioremediation by bioventing and 
air sparging (Webster et al. 1996; Ruddy and Carroll 1993). Other sources in- 
clude direct emissions/leakage from manufacturing and storage facilities, such as 
refineries and gasoline-storage tanks; landfills; motor vehicles; and commercial 
use (Jutras et al. 1997). At Army installations, VOC sources include ammuni- 
tion plant, depot, and arsenal activities and clean-up operations. Because of the 
risk they pose, contaminated gas streams may need to be treated to remove the 
VOCs before being released into the atmosphere. 

Table 2 lists the many technologies developed to control the emission of VOCs. 
Although each VOC-abatement method has its unique advantages and applica- 
tions, biological treatment systems have several advantages over other treat- 
ment methods that make them very appealing. Table 3 illustrates that low capi- 
tal and operating costs are the main benefits of biological processes. 
Furthermore, since many VOCs can be biodegraded into H20, C02, and mineral 
salts, no secondary pollutants or residues require further treatment. 

Biological processes have been found most successful in treating large volumes of 
gas streams that contain only low concentrations (typically < 1000 ppm or 
roughly 1000 mg/m3) of organic target pollutants. VOC removal rates of 50 to 94 
percent have been reported, depending on the chemical and biological reactivity 
of the chemicals and operating conditions (Leson and Winer 1991). When bio- 
logical processes are limited by a high concentration of VOCs in gas streams or 
poor biodegradability of some components, they can be combined with other 
treatment methods to obtain a satisfactory system from capital, operating, and 
efficiency stand-points (Standefer and van Lith 1993). 

Three groups of biological treatment systems have been developed to remove 
VOCs from gas streams, as well as oxidizable inorganic compounds such as H2S 
and NH3. The treatment systems are bioscrubbers, trickling filters, and biofil- 
ters (Ottengraf 1987). In a bioscrubber, the microbial flora are dispersed in the 
aqueous phase, which countercurrently contacts the gas stream through a spray 
column. In trickling filters and biofilters, the microbial flora are immobilized on 
a carrier or packing material. In most cases, the liquid (water) flows down the 
reactor, while gas streams flow countercurrently upward to achieve better con- 
tact between the gas and liquid phases. These two processes differ from a biofil- 
ter in that sufficient water is circulated so that the aqueous phase is continu- 
ously moving downward in a trickling filter. The water circulation is very small 
(if any) in the biofilter, and it can be viewed as essentially stationary. 
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Table 2. Summary of VOC control technologies. 

Emission Stream VOC Concentration, 
Technology VOC Category Flow Rate, scfm ppmv 

Thermal oxidation AHC, HHC, A, K < 20,000 w/o heat 20-1,000 w/o heat 
recovery recovery 

> 20,000 w/ heat > 1,000 w/heat 
recovery recovery 

Catalytic oxidation AHC, HHCt, A, K Unlimited 50-10,000 

Flaring AHC, A, K 

Condensation AHC, HHCt, A, K < 2,000 5,000-12,000 

Adsorption AHC, HHC, A >300 20-20,000 

Absorption A, K > 1,000 1,000-20,000 

Boilers and process heaters AHC, A, K 

Biological processes AHC, HHCt, A, K Unlimited 500-20,000 

Membrane separation AHC, HHC, A, K 0-1,000 

Ultraviolet oxidation AHC, HHC, A, K 

Legend: AHC = aliphatic and aromatic hydrocarbons; HHC = halogenated hydrocarbons (t = limited 
applicability); A = alcohols, glycols, ethers, epoxides, and phenols; K = ketones and aldehydes. 
Source: Moretti and Mukhopadhyay (1993). Reproduced with permission of the American Institute of 
Chemical Engineers ©1993 AlChE. All rights reserved. 

Table 3. Total cost comparison of several VOC-abatement technologies. 

Total cos t per 106 ft3 of air* 

Incineration $130 

Chlorine $60 

Ozone $60 

Activated Carbon (with regeneration $20 

Biofiltration $8 

*Costs obtained from Jaeger and Jager (1978) and converted to 1991 dollars. 

Operation Cost 

Fuel/chemical consumption Power 

Incinerator**                               $15 per cfm Negligible 

Wet Chemical Scrubbing                   Up to $8 per cfm 1 W per cfm 

Soil Beds                                        0 0.6 W per cfm 

"Costs obtained from Vaart, Vatavuk, and Wehe (1991). 

Source: Bohn (1992). Reproduced with permission of the American Institute of Chemical Engineers 
©1992 AlChE. All rights reserved. 

Biological treatment for removing VOCs from gas streams has been accepted in 
Europe and Japan as an effective technique to treat VOCs and odor-containing 
industrial exhaust (Fouhy 1992; Leson and Winer 1991). In the United States, it 
was until recently still considered a new and untested technology (Fouhy 1992; 
Bohn 1992), but has since been receiving increasing attention because of its ef- 
fectiveness and low costs (Swanson and Loehr 1997).   However, fundamental 
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research is needed in areas such as: reaction kinetics for the rate-limiting steps 
of biodegradation in a biofilm system; substrate interactions during microbial 
degradation; the special role of oxygen; and the impact of metabolic intermedi- 
ates. This research focuses on these four areas. 

Selection of Model VOCs and Bacterial Species 

Most of the commonly encountered VOCs are biodegradable. However, because 
of the variability in structures and biological reactivity of the organic com- 
pounds, they are biodegraded at different rates and under different conditions. 
Under aerobic conditions, the VOCs that can be degraded rapidly include alco- 
hols, aldehydes, ketones, ethers, esters, organic acids, amines, and thiols. Ali- 
phatic and aromatic hydrocarbons, phenols, and metheylene chloride generally 
are degraded at a slower speed, while aliphatics degrade faster than aromatics 
such as toluene, benzene, xylene, and styrene. Polyaromatic hydrocarbons and 
highly halogenated hydrocarbons, such as trichloroethylene, trichloroethane, 
carbon tetrachloride, and pentachlorophenol, have the slowest degradation rate 
among the VOCs (Bohn 1992). For highly halogenated hydrocarbons, anaerobic 
biodegradation, such as reductive dehalogenation, is a successful alternative 
(Parsons, Barrio-Lage, and Rice 1985). 

For VOCs in gas streams, the reactions will be aerobic in most cases. One rea- 
son is that the gas stream to be treated usually is air contaminated with rela- 
tively low concentrations of VOCs. The 21 percent oxygen content of air means 
that establishing anaerobic conditions will be difficult and costly. In addition, 
most of the key VOCs are best or only degraded under aerobic conditions. This 
situation is particularly true for the petroleum hydrocarbons and alkane gases. 

Although a large number of VOCs were available for study, it was decided that 
benzene, toluene, and p-xylene (BTX) would be the model VOCs. BTX are the 
most frequently found aromatic hydrocarbons in soil and groundwater at sites 
contaminated by petroleum products. A well-studied aromatics-degrading bacte- 
rial species, Pseudomonas putida Fl, was used as the model biomass. 

Objectives 

This report summarizes the results of a performance evaluation of a three-phase 
circulating-bed reactor, a modified bioscrubber. The three-phase circulating-bed 
reactor is one of three biofilter configurations that the U.S. Army Engineer Re- 
search and Development Center (ERDC) is working on. The performances of two 
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other systems (i.e., biotrickling filter and mechanized biofilter) are being evalu- 
ated and will be reported in future ERDC technical reports. 

The objectives of this study were to: 

1. Analyze the effects of pollutants and oxygen loading rates on biological 
treatment of VOCs and hazardous air pollutants (HAPs). 

2. Investigate biological treatment kinetics in terms of mass transfer and reac- 
tion rate. 

3. Understand competitive treatment when the number of pollutants in air 
emissions is two or more. 

4. Analyze the effects of intermediate products and biomass accumulation on 
the treatment efficiencies. 

5. Test the feasibility of treating energetic compounds, specifically NG, in the 
three-phase circulating-bed reactor. 

Approach 

This study presents the design, hydrodynamic studies, and biofilm experiments 
of a three-phase circulating-bed biofilm reactor for gas-phase BTX removal. The 
reactor uses gas flow to create an airlift pump that circulates liquid and solids 
phases. Mass-transfer and hydrodynamic experiments were performed to char- 
acterize the circulating bed. The main work involved a series of steady-state and 
pseudo-steady-state experiments to assess the removal kinetics of BTX in the 
circulating-bed biofilm reactor. The various trends in reactor performance for 
removing BTX from gas streams are interpreted with the aid of kinetic analysis 
of the transport/reaction processes in all three phases. The following questions 
are answered. First, how do BTX and oxygen loading rates affect the removal 
efficiency of the fluidized bed? Second, how do mass transfer and reaction con- 
trol the process? Third, how does the presence of a second substrate affect the 
overall reactor performance? Fourth, how does intermediate formation affect 
liquid effluent quality and biofilm accumulation? 

Finally, the circulating fluidized-bed biofilm reactor is applied to remove nitro- 
glycerin (NG) from contaminated liquid. At this time, practical treatment tech- 
nology for NG in air is not available. 
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Scope 

This technical report attempted a bench scale evaluation of a new generation bi- 
oscrubber, three-phase circulating-bed biofilm reactor. Although this study 
proved the biofilm reactor was a promising technology to treat contaminated air 
streams, the Army needs to refine technology for implementation. 

Mode of Technology Transfer 

The Construction Engineering Research Laboratory (CERL) is evaluating three 
innovative biofilter technologies: the three-phase circulating-bed biofilm reactor 
reported here, a ceramic media trickling bed biofilter, and a rotary drum biofil- 
ter. In FY2003, CERL plans to demonstrate one biofilter technology out of these 
three technologies based on the bench scale experimental data gathered during 
each evaluation. 

Units of Weight and Measure 

U.S. standard units of measure are used throughout this report.  A table of con- 
version factors for Standard International (SI) units is provided below. 

SI conversion factors 

1 in. =       2.54 cm 

1 ft =       0.305 m 
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2  The Circulating-Bed Biofilm Reactor 

Reactor Design 

Figure 1 illustrates the three-phase circulating-bed biofilm reactor constructed for 
this study. The reactor was constructed with glass-tubing segments of 40-mm inner 
diameter (ID), 8 in. or 4 in. long. This design allowed the adjustment of reactor 
height easily by adding or removing segments from the column. Two special Y- 
shaped joints connected the glass-tubing segments used for the fluidized-bed biofilm 
reactor to form a loop. The carriers were loaded inside the loop, and stainless steel 
screens were installed at both ends. The reactor working volume between the metal 
screens was 2.78 L. When the gas flow was turned on, the gas bubbles moved up 
the column on the right-hand-side (the riser), because the gas bubbles caused the 
liquid in the riser to have a lower overall density than the left column (the down- 
comer). Consequently, liquid circulation within the loop (counter-clock-wise) kept 
the particles in a constant circulating motion. The volume of the riser was almost 
identical to that of the downcomer (1.39 L). The ratios of riser-to-downcomer diame- 
ter for most circulating-bed reactors are larger than one in order to increase the 
volumetric fraction of the riser, where gas-liquid mass transfer occurs. The ratio in 
this study was exactly one in order to minimize the chance of carrier clogging in the 
downcomer due to their relative large size compared to the reactor. 

The gas flow was introduced into the reactor via a fritted tube (pore-size: 200 - 220 
urn) flared into the bottom of the reactor. The headspace of the bottle was connected 
to the gas exhaust line, which was directed into the hood. This configuration pre- 
vented the VOC-containing gas flow from entering the room and maintained atmos- 
pheric pressure in the headspace. 

Figure 2 shows the nutrient feeding systems for the reactor. It included two 8-L nu- 
trient bottles (50X-A and 50X-B), a 30-L water tank, and pumps. Bottles 50X-A and 
50X-B were filled with 50 times the base concentration of group A and B chemicals 
(Table 4). Reverse osmosis (RO) water was fed to the tank continuously and over- 
flows into a sink. The concentrated stock solutions were fed directly into the reactor 
via two of the spare liquid sampling ports, while RO water (48 times the flowrates of 
50X-A/B) entered the reactor from the bottom. The pH in the reactor was main- 
tained at 6.8 throughout the experiments. The temperature of the lab was main- 
tained at a constant 22 °C. 
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Table 4. Composition of the minimal mineral medium. 

Group                                Compound Concentration (mg/L) 

A                                           KH2P04 2040.0 

NajHPO, 2130.0 

(NH4)2S04 1000.0 

B                                       CaCI2-2H20 11.0 

MgS04-7H20 200.0 

FeS04-7H20 7.0 

EDTA 2.50 

ZnS04-7H20 2.00 

MnS04-H20 1.54 

CuCI2 0.21 

CoCI2-6H20 0.404 

H3BO3 0.11 

Na,MoO/2H,0 0.25 
Source: Seagren 1994, used with permission. 

Flowing upward at the bottom of the reactor, the influent RO water facilitated 
the upward motion of gas bubbles from the fritted tube. Since clogging of the 
fritted tube can block the flow of the VOC-contaminated gas, it was important to 
keep the bottom segment of the reactor (below the metal screen) relatively free of 
bacterial growth. Because the mineral medium stock was fed directly into the 
circulating-bed reactor, the liquid in the reactor segment below the bottom 
screen lacked nutrients for bacteria to grow. In addition, about 50 pieces of 3- 
mm plastic pellets (density 0.98 - 1.01) were added to the bottom segment. 
These pellets were fluidized in the segment by the liquid and gas flows, thus 
abrading any possible biofilm attached to the glass wall and fritted tube. 

The three-phase circulating-bed biofilm reactor is an ideal system for fundamen- 
tal studies, as well as for practical applications. On the practical side, it maxi- 
mizes biofilm accumulation due to its high surface area, avoids bed clogging due 
to its fluidized nature, and minimizes mass-transfer resistance due to its turbu- 
lent regime. As a vehicle for kinetic studies, such as this one, the three-phase 
circulating-bed biofilm reactor offers completely independent control of liquid 
velocity, contaminant loading, dissolved-oxygen concentration, and biofilm ac- 
cumulation. Hence, it has maximum flexibility for experimental design. 

The circulating-bed biofilm reactor has several advantages compared to a con- 
ventional fluidized bed, in which up-flowing gas and liquid fluidize the solid car- 
riers. First, bed stratification, commonly found in the fluidized-bed reactors, is 
eliminated. Second, no liquid recycle is needed, which results in energy and 
equipment savings. Third, with solids moving in a circulation pattern, particle- 
particle collisions are decreased, which decreases detachment and improves bio- 
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mass accumulation. Fourth, the liquid mixing in the reactor is excellent. Based 
on a relationship published by Chisti, Halyard, and Moo-Young (1988), circula- 
tion velocity was computed to be as high as 32 cm/s for the gas flowrates used. 
At that velocity, the liquid circulates every 7 seconds. The fast liquid mixing im- 
proves gas-liquid mass-transfer efficiency, thereby improving the removal effi- 
ciency of the process. It also makes the reactor more completely mixed, which 
simplifies data interpretation. 

Figure 3 illustrates the BTX feeding system. It included compressed house air 
with an inline air-filter, pure oxygen gas tank, pure nitrogen gas tank, five 
flowmeters connected two gas proportioners, micro-liter syringe pumps, and 
heating wire. The pressures of the air, oxygen, and nitrogen were all maintained 
at 10 psig before passing through the check valves and entering the gas flowme- 
ters. By changing the flowrates of air, oxygen, and nitrogen, a gas flow of any 
oxygen concentration could be obtained. The volatile substrates — benzene, 
toluene, and p-xylene — were added to the gas flow through a syringe pump. 
Two syringes could be loaded to the pump, which could deliver flowrates from 
7.3X10-6 to 467 ul/min by varying the syringe size (10 ul to 50 ml) and/or gear 
position (1 to 30). 

VOC Feeding Pumps 
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Figure 3. BTX feeding system for the biofilm reactor. 
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In this study, two 10-ml Hamilton gas-tight syringes with size 28 standard 
thread were used. The flowrates obtainable were from 0.00728 to 126 ul/min per 
syringe. Because it took the pump an hour to reach a stable flowrate, the BTX 
mixtures were premixed in 165-ml serum bottles to desired compositions and 
then loaded into the syringes. To facilitate the evaporation of BTX, the 1/16-in. 
stainless steel tubing (0.01 in. ID) that carried the chemicals was heated to 140 
°C by a heating wire. Because the gas line was not heated, the temperature of 
the influent gas flow was not affected. With this gas feeding system, the influent 
gas could be of any flowrate, oxygen concentration, BTX composition, and BTX 
concentrations. The syringe pump was located in the ventilation hood to im- 
prove the safety for handling and to minimize human exposure. 

Each of the 4-in. segments on the reactor had two liquid sampling ports. They 
were sealed with Teflon-faced septa and penetrated by a 12-gauge needle. A 
Lure Lock 2-way valve was connected to each needle. During sampling, the 
valve was connected to a gas-tight syringe to withdraw samples. These ports 
also could be connected to the dissolved oxygen (DO) probe to measure the DO 
concentration. Each of the 4-in. segments also had one solids sampling port 
(Figure 4). An Ace Glass threaded tube was fit onto the side arm of the sampling 
port when carrier particles were sampled. Once the O-ring sealed plunger was 
pulled out about 1 in., the carriers passed into the water-filled tube. Sampling 
was stopped when the plunger was pushed back 1 in. The carriers were then 
removed from the tube bottom for characterization. This sampling method in- 
troduced minimum disturbance to the biofilm, which could otherwise be stripped 
of the particles. 

O-Ring 

Plunger EiUlipiS 

Threaded 
Seal 

Rubber 
Stopper /Z± 

-1, |X1   Liquid 
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Figure 4. Sampling port for carriers. 
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One of the characteristics of biofilm processes is that bacteria are attached to mi- 
cro carrier particles. Almost anything attachable by bacteria can be used as a 
carrier. In industrial biofiltration processes, sand, peat, compost, or their mix- 
tures are commonly used as biofilm carriers. This study used a non-absorbent 
porous carrier in the circulating-bed reactor. The macro-porous cellulose carrier, 
AQUACEL (Ecomat, Inc, Hatward, CA), were used to immobilize nitrifying and 
denitrifying bacteria. The carriers were 4-mm (dry) cubes with an average po- 
rosity of 0.93 and wet density of 1.04 g/cm3. The average dry weight and wet 
volume of one of these carriers were 7.41 mg and 94.52 mm3, respectively. 

Analytical Techniques and Calibrations 

Suspended Biomass 

The amount of biomass in the suspended phase was measured by its optical den- 
sity, which was calibrated to dry weight per liquid volume (mg/1). During sam- 
pling, 3-5 ml of liquid sample was loaded into a clean standard cuvette. The ab- 
sorbance of the sample was measured at 540 nm using a spectrophotometer 
(Spectronic 2ID, Milton Roy Co., Ivyland, PA). The sample was then filtered 
with a 25-mm 0.45-jun syringe filter or centrifuged at 14,000 rpm for 16 min. 
The absorbance of the filtered/centrifuged sample was measured. The difference 
between the two values (Net OD) was calculated and related to the biomass in 
the liquid through a calibration curve. 

The calibration curve was specifically developed for the bacterial culture used in 
this study. P. putida Fl was grown in a flask with toluene supplied from the 
headspace. The absorbance at 540 nm was measured periodically until its value 
reached approximately one. The high value of absorbance was necessary to en- 
sure a sufficiently high concentration of cells present and, thus, accurate meas- 
urement of cell dry-weight. A sample of 105 ml was then collected. Then 5 ml of 
the sample was measured for absorbance (Net OD) following the same procedure 
as described in the previous paragraph. The rest of the 100-ml sample was fil- 
tered through a pre-weighed filter paper (47-mm, 0.2-jim). The filter paper was 
then dried at 104 °C and weighed. The dry weight of the biomass was calculated 
from the two measurements. Meanwhile, an additional 25 ml sample was col- 
lected from the flask, and a series of dilutions was made to the sample. The Net 
OD of each sample was measured. Because the biomass concentration of the un- 
diluted sample was known, the biomass concentrations of the diluted samples 
were calculated from the dilution ratios. All the measurements of cell absorb- 
ance and dry weight were performed in duplicates to obtain average values. The 
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sampling process was repeated twice as the biomass in the flask reactor continu- 
ously grew. 

This calibration was repeated four times throughout this study. Figure 5 in- 
cludes results from all four sets of standards, which were consistent with each 
other over time. The log-log relationship between the biomass concentration in 
mg-dry weight/L and its Net OD at 540 nm was: 

' Ln(Concentration, mg Dry Weight/L) = 0.9551 Ln(Net OD) + 6.1044 
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Figure 5. Calibration relationship between biomass concentration 
and Net OD. 

Fixed Biomass on Carriers (Bio film) 

For the porous carrier, AQUACEL, biomass was immobilized inside the pores 
and difficult to remove. Therefore, the biomass in the carriers was measured as 
the weight difference between the carriers taken from the reactor and clean car- 
riers. During sampling, the carriers taken from the reactor were first dried at 
104 °C for 2 h and then weighed immediately. 

Chemical Oxygen Demand (COD) 

The COD test measures the oxygen demand equivalent of organic matter that 
can be oxidized using a strong chemical oxidizing agent in an acidic medium. 
Usually, potassium dichromate is used as the agent. In this study, standard 
COD vials of two COD ranges, 0-40 mgCOD/L and 0-150 mgCOD/L were ob- 
tained from Hach Co. (Loveland, CO). During a COD test, 2 ml of liquid sample 
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were added to the vial containing the chemical oxidizing agent and reacted at 
150 °C on a Hach COD Reactor for 2 h. The vials were then cooled at room tem- 
perature for 2 h and measured for absorbance using a spectrophotometer. The 
wavelengths used for the 0-150 mg/L and 0-40 mg/L COD vials were 420 and 350 
ran, respectively. The COD value of the sample was then obtained from a pre- 
pared standard calibration curve (Figure 6). The curve was slightly different for 
each batch of vials supplied by Hach; thus, calibration was repeated for each 
batch of 150 vials. 

The COD standards were prepared following the protocol provided by Hach Co. 
A 1,000 ml/L COD standard was first prepared by dissolving 850 mg of oven- 
dried (120 °C, overnight) potassium acid phthalate (KHP) in ultra-high purity 
water and diluting to 1 L with ultra-high purity water. Standards of lower con- 
centrations were then made from serial dilutions. 
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Figure 6. A typical COD standard calibration curve for 0-40 mg/l COD vials. 

GC Analysis of BTX 

In this study, an HP 5890 gas chromatography (GC) equipped with a flame- 
ionization detector (FID) and a glass capillary column (Model DB-5, J&W Scien- 
tific, Inc., Folsom, CA) was used to analyze the concentrations of toluene, ben- 
zene, or jD-xylene in the gas or liquid phase. The GC/FID output- signals were 
analyzed by an HP integrator (Model 3396). Table 5 shows the flowrate setup for 
the GC/FID system. 
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Table 5. Gas flowrate setup for the GC/FID system. 

Flowrate (ml/min) 

GC Column Septum Purge, hfe 0.7 

Column Carrier Gas, H2 6.1 
FID Detector Flame-Oxidant, Air 374 

Flame-Combustible, H2 39 

Make-up Gas, N2 33 

Table 6 shows the temperature programs used for this analysis and the resi- 
dence times for toluene, BTX at each condition. The temperature history for the 
liquid phase was determined by the organic solvent used in this study, methyl- 
ene chloride (DCM), which has a boiling point of 36 °C. The temperature histo- 
ries of gas samples were determined by the boiling points of the chemicals ana- 
lyzed. In general, the initial temperature needs to be at least 5 °C below the 
samples' boiling points. 

Table 6. Temperature programs of GC and BTX retention times (RT). 

Method 
Liquid 

Sample 
Toluene 

(gas) 
Benzene 

(gas) 

Benzene 
Toluene 

(gas) 

Toluene 
p-xylene 

(gas) 
Initial Temp (°C) 30 100 60 60 100 

Initial Time (min) 1 1 1 1 1 

First Temperature Ramp 

Rate (°C/min) 10 10 10 10 10 

Final Temp (°C) 120 120 90 120 150 

Final Time (min) 0 0 0 0 0 

Second Temperature Ramp 

Rate A (°C/min) 35 45 45 45 45 

Final A Temp (°C) 250 250 250 250 250 

Final A Time (min) 0 0 0 0 0 

Injector/Detector Temperature 

Injector (°C) 150 150 150 150 150 

Detector (°C) 300 300 300 300 300 

RT (min) 4.1/6.0/8.1* 2.3 2.6 2.6/3.8* 2.5/3.3* 
f Data for benzene/toluene/p-xylene 

* Data for benzene/toluene or toluene/p-xylene. 

GC analysis of gas samples. 

Researchers first drew 20-25 ul of gas sample from the reactor headspace into a 
25-u.l Hamilton gas-tight syringe. The syringe plunger was then pushed to the 
10-u.l mark and immediately injected into the GC column for analysis. Two or 
three injections were used for each gas sample. 
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GC analysis of liquid sample. 

Using a gas-tight syringe, 2 mL of sample was first retrieved from the reactor. A 
1-mL sample was then filtered through a 13-mm 0.2-um syringe filter into a 3-ml 
conical vial containing 1.5 mL of DCM. The vial was then sealed tightly and 
shaken vigorously on a mixing vortex for 1.5 min. The DCM phase (bottom 
layer) was then withdrawn with a clean gas-tight syringe equipped with a 16- 
gauge needle and transferred into a 2-mL standard HP auto-sampler vial and 
analyzed by the GC-FID. Unlike the gas samples, the liquid samples were in- 
jected using an HP automated injector (Model 6890). Three 1-uL injections were 
made for each liquid sample. 

The masses or concentrations of BTX in the samples were calculated from their 
peak areas on the GC/FID spectra based on standard calibration curves. Stan- 
dards of toluene, benzene, and p-xylene were purchased from AccuStandards 
(New Haven, CT) or made directly following the protocols described in American 
Public Health Association (APHA) Methods 6210 and 6220 (APHA 1995). The 
high concentration standards were diluted into varied concentrations and ana- 
lyzed by the GC. Since liquid samples underwent liquid-liquid extraction prior 
to GC analysis, their peak areas were multiplied by 1.5 before they were applied 
to the calibration correlation. Similar to the biomass calibration curve, log-log 
relationships were used for the calibrations: 

Gas sample: Ln(mass, ug) = a*Ln(peak area) - b 

Liquid sample: Ln(concentration., mg/L) = a*Ln(peak area* 1.5) - b 

in which a and b were fitted parameters for the calibration curves. The values of 
a, b, and the R-squared values for each fit are shown in Table 7. 

Table 7. Values of parameters a and b in GC standard calibration curves. 

Compound Phase A b R2 

Toluene Gas 0.9953 15.7701 0.9968 
Liquid 0.9864 8.5222 0.9951 

Benzene Gas 1.0056 16.007 0.9997 
Liquid 1.0150 9.0112 0.9989 

p-Xylene Gas 0.8925 14.5540 0.9956 
Liquid 0.9331 7.9111 0.9968 
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High Performance Liquid Chromatography (HPLC) Analysis of Liquid 
Samples 

In this study, an HPLC system (Hitachi Instruments, Inc., San Jose, CA) 
equipped with a diode-array detector (Hitachi L-4500) was used to identify the 
intermediates formed during BTX degradation. An HP-Hypersil column (C-18, 5 
urn, 2.1-mm ID, and 10-cm length) was used to separate the compounds. The 
mobile phase was similar to that used by Shields et al. (1989) (i.e., acetonitrile: 10 
mM KH2P04 buffer (pH 2.88) = 20:80 (volume:volume)). Initially, the flowrate 
used was 0.2 ml/min. A guard column was later installed in front of the HP- 
Hypersil column, and the flowrate was increased to 0.5 ml/min for better 
flowrate stability. The spectra were collected at 207 nm. The HPLC analysis in 
this study was mostly qualitative. Therefore, no calibration curves were made. 
However, if necessary, quantification of any specific compound could be made by 
comparing the HPLC peaks with standards of known concentrations. Table 8 
lists the residence times for BTX and their potential intermediates. Since the 
retention times varied slightly due to flow rate/ column pressure during each 
run, standards were analyzed to confirm the peaks. 

For collecting an HPLC sample, a Teflon syringe filter (13-mm, 0.45-»m PTFE) 
was first wetted and rinsed with 2 ml of acetonitrile. About 2 ml of liquid sample 
was then collected from the reactor using a 2.5-ml Hamilton gas-tight syringe. 1 
ml of the sample was then filtered into a 2-ml HPLC auto-sampler vial. 0.2 ml of 
acetonitrile was added to the vial. The vial was finally sealed with a Teflon- 
faced septum and loaded onto the HPLC auto-sampler for analysis. 

Table 8. Typical retention times (RT) in the HPLC column. 

Name RT (minutes) 

Toluene 30.9 
Benzene 12.2 
p-Xylene 8.4 
Catechol 1.6(3.9) 

3-Methylcatechol 3.1 (8.5) 
Phenol 3.0 (7.7) 
o-Cresol 6.3 (18.2) 
m-Cresol 5.79(17.0) 
p-Cresol 5.82 

3,6-Dimethylcatechol 4.4 

Dissolved Oxygen 

Concentration of DO in the liquid phase was measured with a high-resolution 
digital DO meter and probe (Martek Instruments, Inc., Raleigh, NC; Model Mark 
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XVIII). Because the electrolyte in the probe was consumed continuously during 
measurements, the probe needed to be calibrated before each usage. The probe 
was calibrated in water-saturated air using the apparatus shown in Figure 7. A 
beaker filled with water was placed in a rectangular chamber with a hole on top. 
When the probe was not calibrated, a rubber stopper was placed in the hole, and 
the water was saturated with oxygen by the air sent through a pipette. Since 
the chamber was closed, the air in it became saturated with water vapor. Dur- 
ing calibration, the stopper and pipette were quickly replaced by the probe, 
which rested 3-5 mm above the liquid surface. Once the DO probe reading sta- 
bilized, the probe was set according to the standard DO value in water-saturated 
air at room temperature. Once calibrated, the probe could be immersed into the 
liquid to measure the DO concentration, or it could be used to read the partial 
pressure of oxygen in the gas phase. 

To measure the DO in the biofilm reactor, the probe was seated in a flow cham- 
ber, which was connected to the reactor as shown in Figure 8. The liquid was 
drawn from the reactor top to minimize the possibility of withdrawing particles 
and gas bubbles into the DO flow chamber, sent through the chamber containing 
the DO probe, and then sent back to the reactor. Because the probe consumes 
oxygen during measurement, a continuous flow through the chamber (100-150 
ml/min) is suggested by the manufacturer. In this study, a pump was used to 
maintain a constant flowrate of 105 ml/min through the chamber during DO 
measurement. To minimize bacterial growth on the probe membrane, the pump 
was stopped when no DO measurement was performed. The probe was removed 
from the chamber, rinsed, and stored in a 2 percent Na2S03 solution between DO 
measurements. 
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Figure 7. DO-probe calibration apparatus. 
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Figure 8. Flowpath of dissolved oxygen measurement. 

The Mark XVIII DO meter was connected to an IBM-compatible personal com- 
puter. Data sampling software was used to record the DO reading every 3-5 sec- 
onds. Sampling data were saved into a text file as long as the continuous moni- 
toring of DO was required. 

Gas Holdup 

Gas holdup is the volumetric fraction of the gas phase in the three-phase fluid- 
ized bed. It has significant impact on the gas-liquid mass transfer and the ex- 
tent of fluidization. A liquid-displacement experiment was designed to measure 
the gas holdup independently in this study. The reactor, containing the desired 
amount of glass beads, was first started up in the liquid-solid circulation mode. 
After a stable circulating bed was established, gas flow was turned on, and the 
liquid volume displaced from the reactor at this gas/liquid flowrate was meas- 
ured using a volumetric cylinder. The volume of gas bubbles inside the fluidized 
bed was then corrected based on the average pressures inside and above the flu- 
idized bed. The gas holdups of the bed were calculated as the ratio of gas to flu- 
idized-bed volumes. The calculation assumed that the axial mass distribution of 
the gas bubbles inside the reactor was constant. 

BTXFIowrates 

The syringe pump used to deliver single BTX component or mixture was ex- 
tremely precise and stable over the long period of continuous operation. A 
flowrate table was supplied by the manufacturer (Harvard Apparatus, Inc., 
South Natick, MA). Numerous calibrations showed that the flowrates provided 
by the table were always within 2 percent of the measured data. Thus, flowrate 
values from the table supplied by the manufacturer were used. 
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Liquid Flowrates 

The flowrates of dilution water and minimum mineral medium were calibrated 
daily by noting the amount of time needed for the pumps to deliver a certain 
amount of liquid. Because all the peristaltic pumps have digital displays, the 
flowrates could be adjusted easily by changing the rpm settings. 

Gas Flowrates 

The flowmeters in the gas proportioners came with factory-supplied calibration 
curves. However, because of the back pressure caused by the liquid and glass 
beads in the reactor (3.635 ~ 3.915 psig), these flowmeters had to be calibrated 
taking the back pressure into account. A device was designed to use three three- 
way valves to control the direction of gas flow after it exited the reactor top and 
to maintain the same back pressure to the gas flowmeters (Figure 9). 
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Figure 9. Apparatus for gas-flow calibration. 
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Before gas collection, valve VI was open to the left (so the headspace of the gas 
collection unit was open to the atmosphere), and valves V2 and V3 were open to 
the right. To start collecting gas at any flowmeter setting, V3 was turned to the 
left, and gas was sent into the Teflon gas-sampling bag. To stop collecting the 
gas sample, V3 was turned to the right again. The sampling period was re- 
corded. To measure the volume of gas collected, VI was first turned to the right, 
and then V2 was turned to the left. By lowering the reservoir, the gas in the gas- 
sampling bag was drawn into the gas collection unit, which had had its volume 
calibrated. Once all the gas was drawn from the gas-sampling bag, V2 was 
turned to the right. The water levels in the reservoir and gas-sampling unit 
were equalized before the volume of gas collected was read from the calibration 
marks on the gas-collection unit. Finally, VI was turned to the left, and gas in 
the gas collection unit was released into the atmosphere. The gas flowrate at 
any flowmeter setting was then calculated based on the volume of gas at atmos- 
phere pressure passing through the reactor over a specific amount of time. 

Figure 10 shows the relationships between the gas flowrate and flowmeter set- 
ting for the three gases that were used in the experiments. They were almost 
identical when different types of carriers were loaded. These curves can be fitted 
nicely by the following equations: 

N2: Flowrate (ml/min) = -1.2345E-04 Setting3 + 3.4623E-02 Setting2 

+ 1.4036 Setting + 15.572 R2 =0.9996 

Air: Flowrate (ml/min) = -1.5671E-04 Setting8 + 4.1582E-02 Setting2 

+ 9.2453E-01 Setting + 22.193 R2 = 0.9995 

02: Flowrate (ml/min) = -1.0000E-04 Setting3 + 0.0293 Setting2 

+ 1.3046 Setting + 9.744 R2 = 0.9988 
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Figure 10. Gas flowmeter calibrations. 
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Hydrodynamics and Gas-Liquid Mass Transfer 

Hydrodynamics Experiments 

Before the reactor was inoculated, hydrodynamic experiments were conducted. 
The total flowrate of the liquid influent used for the hydrodynamic study was the 
same as the one for the biofilm studies. First, several pieces of carrier were 
loaded, and their circulation velocities were measured from circulation time de- 
termined with a stopwatch. Then, the amount of carriers to be used in this study 
(43.59 g) was loaded, and the carrier velocities were measured by tracking the 
movement of several darker-colored particles. Figure 11 compares the carrier 
velocities at various gas superficial velocities. The results show that the amount 
of carriers had an effect on the carrier velocity. At low superficial gas velocity 
(Ug < 0.5 cm/s), higher carrier concentration (overall es = 0.2) caused the average 
carrier velocity to decrease. However, at high gas velocity (Ug > 0.5 cm/s), the 
difference caused by the carrier concentration was minimal. In addition, the dif- 
ference in circulating velocity in the riser and downcomer also diminished. The 
carrier velocity eventually reached a plateau (25 cm/sec). 

Figure 12 shows the gas holdup (sg) in the riser part of the circulating bed before 
and after the carriers were loaded. It indicates that the gas void fraction in the 
riser increased linearly with gas flowrate and was slightly lower when the carri- 
ers were present. The fitted equation shown in Figure 12 is for data when the 
bed was loaded with carriers. Since the whole reactor volume was twice that of 
the riser and the downcomer was almost free of bubbles, the overall gas holdup 
in the circulating bed was half of that in the riser: 

sE = 0.01816*Ug (cm/s) + 0.00218 (Eql) 
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Figure 11. Circulation velocities of carriers in the circulating-bed reactor. 
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Figure 12. Gas holdup in the riser. The correlation shown was fitted 
only for data with carriers fully loaded. 

Gas-Liquid Mass Transfer 

Because the substrates for the biofilm system were supplied from the gas phase 

in this study, knowledge of the volumetric gas-liquid mass-transfer coefficient, 

k,a, was crucial. Since k,a was affected not only by process variables, such as gas 

superficial velocity, but also by system-dependent variables, such as gas- 

distribution design, the value of k,a for the three-phase fluidized biofilm reactor 

was obtained experimentally. 

Many factors affect k,a, including gas/liquid superficial velocities, gas/liquid 

properties, particle properties, gas distribution system, reactor size and configu- 

ration, and phase holdups. Thus, a large number of system-specific k^ equations 

can be found in literature. However, all the studies suggest that, in a three- 

phase fluidized bed, the superficial gas velocity, Ug, is the single most significant 

factor that determines k;a, while the superficial liquid velocity, U,, has a smaller 

or no effect on k,a. In this study, the k,a correlation is developed as a function of 

U£, since other factors such as gas distribution and reactor size/configuration are 

fixed for the reactor used. 

For a given system, k,a for a specific compound with diffusivity D can be related 

to another compound with known (kja)0 and diffusion coefficient, D0 (Fan 1989): 

0.0.5 k,a = (kla\(—) (Eq2) 

A traditional approach is to measure kja for DO, which is easy to measure (Miya- 

hara, Lee, and Takahashi 1993; Muroyama, Mitani, and Yasunishi 1985; and 

Koide, Sato, and Iwamoto 1983a, 1983b).   Because the three-phase circulating- 
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bed reactor used in this study had a high liquid recycle flowrate (recycle ratio 
>1000:1), it could be treated as a completely mixed reactor when the physical ab- 
sorption method was used to evaluate the values of k,a for oxygen. 

The experimental setup for the k,a measurement is shown in Figure 8, which 
shows the DO meter setup, and Figure 13, which shows the detailed gas feed 
system. The seven valves and five flowmeters controlled the gas flow fed into the 
reactor. For example, leaving valves 1 and 5 open and valves 2, 3, and 4 closed 
made it possible to switch the gas flow between air-only and nitrogen-only modes 
by switching valve 6. 

Before a k,a experiment, the reactor was loaded with the same size and amount 
of carriers to be used in biodegradation experiments. To start a k,a experiment, 
the liquid flow was first turned on to establish a stable fluidized bed. Then ni- 
trogen flow, at the same rate as the air to be used, was supplied to the reactor. 
After the dissolved oxygen concentration inside the reactor approached zero (< 
0.01 ppm), nitrogen was switched to air using valve 6. The DO concentrations 
during nitrogen- and air-feeding periods were recorded, as were the gas and liq- 
uid flowrates and the fluidized-bed height. 
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Figure 13. Detailed drawing of the gas feed system. 
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The oxygen-concentration history displayed on the Mark 18 DO meter and re- 
corded by the PC was related to k,a from the integrated mass balance on oxygen 
(Koide et al. 1983a, 1983b): 

O* - 0(t) ,   k,a , ._,   _. 
^    I    = exp(—*- 0 (Eq 3) 
O -O0 e, 

where O(t) is the oxygen concentration at time t, O* is the oxygen concentration 
at the gas-liquid interface (zero for nitrogen feed, and 8.8 mg/L for air feed at the 
constant reactor liquid temperature 22 °C), O0 is the initial oxygen concentration 
(mg/L), and e, is the volumetric fraction of the liquid phase in the fluidized bed. 
The value of k,a was fit using a non-linear curve fitting routine once el was cal- 
culated by subtracting sg and ss values from one. Since the carriers' large pores 
(0.5 mm in size) were filled with water when biofilm was absent, the e, values 
were adjusted to include the water in those pores. 

The gas-liquid mass-transfer coefficient, kta, was measured after the carriers 
were loaded. Figure 14 shows that the value of k,a increased with the superficial 
gas velocity within the range measured and followed Equation 4: 

(k1a)o=0232U°g
168 (Eq4) 

where the units of k;a and Ug are in s-1 and m/s, respectively. The exponent of 
0.768 is similar to the exponent in correlation equations obtained by other re- 
searchers in various circulating beds or bubble columns (0.8 — 1.0) (Miyahara, 
Lee, and Takahashi 1993; Heijnen et al. 1993; Goto, Matsumoto, and Gaspillo 
1989; Chisti and Moo-Young 1987; and Deckwer, Burckhart, and Zoll 1974). 
Lower exponent values were obtained in related, but different systems. In a 
bubble column containing suspended phenol-degrading bacteria, an exponent of 
0.74 was reported (Shishido and Toda 1996). In a three-phase fluidized bed, 
Nore et al. (1992) reported an exponent of 0.59 for superficial gas velocity. 
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Figure 14. Gas-liquid mass-transfer coefficient in the circulating-bed reactor. 
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3   BTX Removal Experiments 

General Approaches 

The circulating-bed biofilm reactor was inoculated with P. putida Fl. Because of 
the protective nature of the porous carriers, biofilm developed rapidly in the car- 
riers. The total flowrate of the liquid influent (nutrient stock solution plus dilu- 
tion water) was maintained at 42 ml/min, which gave a liquid dilution rate of 22 
day"1. The gas flowrate was maintained between 535-540 ml/min, which gave a 
Ug value of 0.71-0.72 cm/s. 

The reactor was operated continuously for more than 6 months without loss of 
toluene reactivity. During the 6-mo period, extensive tests were conducted to 
study the performance of the circulating-bed biofilm reactor under various sub- 
strate and oxygen loading conditions. The experiments conducted were divided 
into three main groups, which are tabulated in Tables 9-11. The BTX conditions 
are identified by the total surface-loading rate. For example, the total surface 
loading for toluene equaled rpumpT*pT/A, in which rpumpT was the syringe pump's 
volumetric feeding rate of pure toluene (I/T1), pT was the density of toluene 
(MtolL

3) and is known for a given temperature, and A was the total surface area of 
biofilm in the circulating-bed biofilm reactor, which was a constant and equaled 
0.73 m2. The oxygen conditions are represented by O*, the DO concentration at 
the gas-liquid interface that was in equilibrium with the oxygen in the gas phase 
(Equation 3). 

Toluene as the Sole Substrate 

In the first group of experiments (Table 9), toluene was the sole electron donor 
and carbon source. Three steady states were established with air as the gas 
stream and different toluene loading rates. For each steady state, two types of 
short-term experiments were performed. In the first type of short-term experi- 
ments (e.g., Ssl-1 to Ssl-6 in Table 9), the gas stream was air, while the toluene 
loading was varied. In the second type of short-term experiments (e.g., Ssl-7 to 
Ssl-10 in Table 9), the toluene loading was maintained at the steady-state level, 
while the oxygen concentration in the gas stream was changed by mixing air 
with nitrogen or oxygen. 
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Table 9. Reactor loading conditions when toluene was the sole carbon source 

Toluene Loading 
Run Name (mol/m2-day) O* (mg-CyL) Comments Loading Varied 

Ss1 0.030 8.8 Steady State 1 

Ss1-1 0.015 8.8 Short Term Toluene 

Ss1-2 0.021 8.8 Short Term Toluene 

Ss1-3 0.042 8.8 Short Term Toluene 

Ss1-4 0.059 8.8 Short Term Toluene 

Ss1-5 0.082 8.8 Short Term Toluene 

Ss1-6   • 0.115 8.8 Short Term Toluene 

Ss1-7 0.030 7.0 Short Term Oxygen 

Ss1-8 0.030 5.3 Short Term Oxygen 

Ss1-9 0.030 3.5 Short Term Oxygen 

SsMO 0.030 1.8 Short Term Oxygen 

Ss2 0.042 8.8 Steady State 2 

Ss2-1 0.021 8.8 Short Term Toluene 

Ss2-2 0.030 8.8 Short Term Toluene 

Ss2-3 0.059 8.8 Short Term Toluene 

Ss2-4 0.082 8.8 Short Term Toluene 

Ss2-5 0.042 7.0 Short Term Oxygen 

Ss2-6 0.042 5.3 Short Term Oxygen 

Ss2-7 0.042 3.5 Short Term Oxygen 

Ss2-8 0.042 1.8 Short Term Oxygen 

Ss3 0.059 8.8 Steady State 3 

Ss3-1 0.030 8.8 Short Term Toluene 

Ss3-2 0.042 8.8 Short Term Toluene 

Ss3-3 0.082 8.8 Short Term Toluene 

Ss3-4 0.115 8.8 Short Term Toluene 

Ss3-5 0.059 7.0 Short Term Oxygen 

Ss3-6 0.059 5.3 Short Term Oxygen 

Ss3-7 0.059 3.5 Short Term Oxygen 

Ss3-8 0.059 1.8 Short Term Oxygen 

Ss3-9 0.059 15 Short Term Oxygen 

Ss3-10 0.059 22 Short Term Oxygen 
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Table 10. Reactor loading conditions when toluene and benzene were supplied. 

Run Toluene Benzene Total COD 
Name (mol/m2day) (mol/m2day) (gCOD/m2day) Comments Loading Varied 

Ss4 0.056 0.0034 17.0 Steady State 4 ' 

Ss4-1 0.029 0.0017 8.6 Short Term Total COD 

SS4-2 0.040 0.0024 12.1 Short Term Total COD 

Ss4-3 0.078 0.0047 23.7 Short Term Total COD 

Ss4-4 0.11 0.0066 33.2 Short Term Total COD 

Ss5 0.052 0.0080 17.0 Steady State 5 

Ss5-1 0.027 0.0041 8.6 Short Term Total COD 

Ss5-2 0.037 0.0057 12.1 Short Term Total COD 

Ss5-3 0.073 0.011 23.7 Short Term Total COD 

Ss5-4 0.10 0.016 33.2 Short Term Total COD 

Ss6 0.046 0.015 17.0 Steady State 6 

Ss6-1 0.024 0.0077 8.6 Short Term Total COD 

Ss6-2 0.033 0.011 12.1 Short Term Total COD 

Ss6-3 0.065 0.021 23.7 Short Term Total COD 

Ss6-4 0.091 0.030 33.2 Short Term Total COD 

Table 11. Reactor loading conditions when toluene and p-xylene were supplied. 

Run Toluene p-Xylene Total COD 
Name (mol/m2day) (mol/m2day) (gCOD/m2day) Comments Loading Varied 

Ss7 0.055 0.0033 16.7 Steady State 7 

SS7-1 0.028 0.0017 8.5 Short Term Total COD 
Ss7-2 0.039 0.0023 11.8 Short Term Total COD 

SS7-3 0.077 0.0046 23.3 Short Term Total COD 
SS7-4 0.11 0.0064 32.6 Short Term Total COD 

Ss8 0.050 0.0077 16.2 Steady State 8 

SS8-1 0.025 0.0039 8.3 Short Term Total COD 
Ss8-2 0.036 0.0055 11.5 Short Term Total COD 

Ss8-3 0.070 0.011 22.7 Short Term Total COD 
Ss8-4 0.098 0.015 31.8 Short Term Total COD 

To ensure that steady states were reached before the short-term experiments 
began, the reactor was fed at the first steady-state condition for more than 1 mo 
before the first short-term experiment was conducted. For every other steady 
state, constant loading was maintained for about 2 wk. Before the short-term 
experiments, the gas and liquid effluent quality was measured for three consecu- 
tive days to confirm the steady states. Before each 1-h short-term experiment, 
the toluene or oxygen loading was changed to a desired value for nearly 3 h. The 
liquid retention time for the circulating-bed biofilm reactor was about 1 h. 
Therefore, the reactor was sampled after three liquid retention times. Since the 
time was too short for the biomass to change dramatically, but long enough for 
the substrate concentrations to stabilize, short-term experiments were at 
pseudo-steady states (i.e., the steady states of various toluene or oxygen loading 
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with a constant biomass concentration in the reactor). The toluene or oxygen 
loading was returned to its steady-state value between each short-term experi- 
ment. 

Dual Substrates 

After experiments with toluene as the sole substrate were completed, the second 
and third groups of experiments were conducted using toluene/benzene (Table 
10) and toluene/p-xylene (Table 11) as substrate combinations, respectively. The 
total COD for the toluene/benzene or toluene/xylene mixtures for Ss4-Ss8 was 
maintained the same, while the composition of toluene/benzene or toluene/xylene 
was varied. Because changes in VOC loading rates during the short-term ex- 
periments were accomplished by changing the gears of the syringe pump, the 
composition of toluene/benzene or toluene/xylene was the same within one 
steady state and its short-term experiments. The approach taken for the second 
and third groups of experiments was similar to that for the first group. After a 
steady state was developed, series of short-term experiments were conducted. 
Three and two steady states were developed for the second and third groups of 
experiments, respectively. However, only the substrate loading was changed 
during the short-term experiments. The gas feed was always 100 percent air to 
maintain constant oxygen loading. Kinetic studies (Yu 1998) showed that P. pu- 
tida Fl could grow on benzene, but not on p-xylene. Thus, benzene was a pri- 
mary co-substrate, butp-xylene a cometabolic cosubstrate. 
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4  Kinetic Analysis 

Kinetics of BTX Degradation 

A recent study (Yu 1998) showed that biodegradation of toluene and benzene is 
described well as a two-step process. The first step does not support the biomass 
growth and does not generate electrons and carbons for cell synthesis. Biomass 
growth is supported by the second-step reactions, which are the oxidation of 
catechol intermediates. When oxygen is not limiting, the intermediates of tolu- 
ene, benzene, and p-xylene are 3-methylcatechol, catechol, and 3-6-dimethyl- 
catechol, respectively. Toluene or benzene inhibits the degradation of its inter- 
mediate non-competitively. Degradation, of p-xylene occurs cometabolically. 
When toluene and benzene or toluene and p-xylene are degraded simultaneously, 
they inhibited each other's degradation competitively. 

All the kinetic parameters associated to the fully aerobic degradation of BTX as 
a single substrate, and the parameters associated with the degradation of tolu- 
ene-benzene or toluene-xylene as dual substrates have been obtained in inde- 
pendent experiments (Yu 1998). The final values of these kinetic parameters are 
summarized in Table 12. 

Basic Mechanisms of Biofilm Removal 

To be oxidized by the biomass attached to the carriers in the circulating bed, the 
VOCs in the gas stream take the following steps: (1) transfer from the gas phase 
into the liquid phase, (2) transport from the liquid phase to the surface of the 
biofilm, and (3) simultaneously diffuse and react within the biofilm. When the 
biodegradation reaction is negligible in the liquid phase, the typical concentra- 
tion profiles of a VOC in such a system are illustrated schematically in Figure 
15. Since cosubstrate oxygen also was supplied from the gas stream, it goes 
through the same steps. 
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Since BTX and oxygen are poorly soluble in water, the gas-phase film resistance 
is negligible (Doran 1995), making SG = SG,i. Thus, the mass transfer from the 
gas to the liquid phase is dominated by the liquid-film resistance at the inter- 
face. The transport rate is then: 

N„ 
'    H 

■sL) (Eq5) 

in which Ng is the volumetric rate of mass transfer of the gas component (ML3 

T"1), k,a is the volumetric gas-liquid mass-transfer coefficient (T1), and H is the 
Henry's constant for the gas transferred. 

Table 12. Summary of kinetic parameters for BTX degradation. 

Toluene Benzene p-Xylene 

V?(mg-X,/mgCOD) 0.38 0.32 

<fcM,(mgCOD/mg-X.-day) 29 27 

K2 (mg-COD/L) 3.7 2.7 

9,™,(mg-VOC/mg-Xa-day) 26 25 

K, (mg-VOC/L) 1.1 4.2 

/^(mg-VOC/L) 3.6 6.8 

ß2 (mg-xylene/mg-XJ 4.1 

Kp (mg-xylene/L) 0.51 

KBT (mg-benzene/L) 0.51 

KTB (mg-toluene/L) 0.49 

ß, (mg-xylene/mgCOD) 0.21 

KPT (mg-xylene/L) 0.87 

KTP (mg-toluene/L) 25 

b (day") 0.06 

Y2 = biomass true yield for the intermediate 

q!mw,= maximum specific rate of intermediate utilization 

K2 = half-maximum-rate concentration of intermediate 

Qi.ma= maximum specific rate of toluene/benzene utilization 

K, = half-maximum-rate concentration of toluene/benzene 

Kll2 = inhibition constant for toluene/benzene to their intermediates 

ß2 = amount of p-xylene transformed per unit of biomass oxidized 

Kp = half-maximum-rate concentration for p-xylene 

KBT = competitive inhibition constant of benzene to toluene 

KTB = competitive inhibition constant of toluene to benzene 

ß, = amount of p-xylene transformed per unit of toluene intermediate consumed 

KPT = competitive inhibition constant of p-xylene to toluene 

KTP = competitive inhibition constant of toluene to p-xylene 

b = endogenous decay coefficient 
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Figure 15.   Typical concentration profile of a VOC (S) in a gas-liquid-solid 
three-phase biofilm reactor. 

The flux of substrate across the liquid film at the Hquid-biofilm interface is usu- 
ally described by Fick's first law: 

etc     L 
Ss) (Eq6) 

where J is the substrate flux into the biofilm (MgLTT1), L is the thickness of the 
liquid film (L), D is the molecular diffusion coefficient in water (I/T1), and SL and 
Ss are the substrate concentrations in the bulk liquid and at the liquid-solid in- 
terface, respectively (MSL

3). 

Under steady-state conditions, the diffusion rates in processes (1) and (2) should 
balance if the degradation of the VOC by suspended biomass is negligible. Then 
Ng*V = J*A + QL*SL, where V is the volume of the reactor (L3), A is the total area 
of the hquid-biofilm interface (L2), and QL is the flowrate of the liquid effluent 
(I/T1). 

The reaction processes inside the biofilm drive the flux into the biofilm. Reac- 
tions in the biofilm lower the surface concentrations and create the gradients 
during the diffusion process. Rittmann and McCarty (1981) defined three-types 
of substrate concentration profiles in biofilm. In a fully penetrated biofilm, the 
substrate concentration in the biofilm has a negligible decrease from the surface 
concentration (Sfu]] = Ss). In a deep biofilm, the substrate concentration (Sdeep) 
reaches zero before the centerline of porous carrier or the biofilm attachment 
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surface. The case between these two extremes is a shallow biofilm (Sghallow). Due 
to the large amount of biomass accumulated in the carriers and the relatively 
rapid degradation kinetics for the BTX, the biofilm developed in this study is not 
likely a fully penetrated one, but it may be deep. 

Removals in the Circulating-Bed Biofilm Reactor 

Mass Balances in the Gas Phase 

Because the BTX substrates were fed into the reactor through the gas stream, 
their mass balances in the gas phase are expressed as the following equation 
with toluene as an example: 

M
GLJ = fpu^rPr ~ S\J,GQG (Eq 7) 

where M0LT is the rate of toluene mass transferred from the gas into the liquid 
phase (MJT1), S1TG is the toluene concentration in the gas effluent (M^L3), and 
QG is the volumetric gas flowrate (L3T1). Since all the variables on the right- 
hand side of Equation 7 were experimentally measured or are known for a given 
temperature, MGLT can be calculated directly. 

The mass balance for oxygen is expressed as: 

MGLfi=(kla)0(0'LJ-0L)V (Eq8) 

where MGL0 is the rate of oxygen mass transferred from the gas into the liquid 
phase (M^T1), (k,a)0 is the oxygen gas-liquid mass-transfer coefficient (T1), V is 
the reactor volume (L3), 0*u is the liquid-phase concentration that would be in 
equilibrium with the bulk gas phase (Sg/H in Figure 15) (MoiyL'3), and 0L is the 
oxygen concentration in the bulk liquid phase (SL in Figure 15) (M L'3). The 
value (k,a)0 can be computed using Equation 5, and 0*L. can be computed using 
the known oxygen concentration in the gas stream and its Henry's constant. 
Therefore, MGL0 can be calculated from 0L, which was measured in this study. 

Removals in the Bulk Liquid 

The substrate and oxygen transferred from the gas into the liquid phase were 
removed by the suspended biomass in the bulk liquid, the biofilm in the carriers, 
or advected out of the reactor in the liquid effluent. In this study, the suspended 
biomass was always less than 1 percent of the total amount of biomass in the 
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reactor. However, its contribution to the substrate removal could be greater 
than 1 percent due to greater mass-transfer resistance in the biofilm. Therefore, 
the substrate removals by the suspended biomass were calculated using the con- 
centrations of substrate, intermediates, and biomass in the liquid phase and the 
kinetic parameters shown in Table 12. In this study, it was assumed that the 
liquid regime in the circulating bed was completely mixed by the high recircula- 

tion rate and the carriers did not adsorb VOCs or oxygen. 

Toluene as a single substrate. 

When toluene was fed into the reactor as the sole substrate, the rates of remov- 
als for toluene, R1?T,L (Mttl T

1) and its intermediate, R2,T,L (MmratT
]), by the sus- 

pended biomass are expressed as: 

R        =?ljmAr£j        °L       y (Eq9) 
K\,T + S\,T,L       " K0+0L 

Ql^T S2,T,L x  9l y (EqlO) 
A2,r,i - c r-u<? a K   +0 

Kl,\2. T 

in which S1T is the concentration of toluene in the liquid, Xa is the concentration 
of active biomass, 0L is the concentration of dissolved oxygen, VL is the volume of 
the liquid, and Ko is the half-maximum-rate concentration for oxygen in oxy- 
genation. A dual-limitation term for oxygen was used to include the effects of 
oxygen. The oxygen consumption in the bulk liquid includes utilization associ- 
ated with the degradation of toluene and its intermediate, and the decay of sus- 

pended biomass: 

R0 L = «10 TKTX + "lOjRlJJ. + aO^XaVL   „       *.  n 
(Eq 11) 

in which K^ is the half-maximum-rate concentration for oxygen during respira- 
tion. In Equation 11, aw is the oxygen stoichiometric coefficient for complete 
oxidation of biomass and equals 1.42 g-O/g-X, based on the molecular formula of 
biomass, C5H702N. The stoichiometric coefficient of oxygen is 10T in the first-step 
of toluene degradation. Based on the toluene degradation pathway, one mole of 
oxygen reacts with one mole of toluene to form one mole of 3-methylcatechol in 
the first-step reaction. Thus, a10T equals 0.348 g-O/g-toluene. In the second- 
step reaction, one mole of oxygen is used as a cosubstrate for every mole of 3- 
methylcatechol utilized.   In addition, oxygen is used during respiration as the 
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electron acceptor. Thus, o^, in Equation 11 is the amount of oxygen consumed 
per unit of 3-methylcatechol oxidized, which can be calculated based on the bio- 
mass true yield of 3-methylcatechol (S2T) (0.38 mg-X/mgCOD): 

aWT{—Z=°l—) 
20JgCOD-S2/ 

-1     g~°2 Q3S 8-X"   2^ole_e'eq    8g_Q, 
gCOD_S2T      '    g_COD    mg_Xa    mole_e-eq 

g-02 = 0.46- 
gCOD_S. 2,T 

In Equation 11, the value of i^ equals 2.0 mg/L (Malmstead et al. 1995). The 
value of K^ for oxygen used as the terminal electron acceptor was reported by 
Bae (1992) and Malmstead et al. (1995) and equals 0.02 mg/L. 

Toluene and benzene as dual substrates. 

The rates of removals for toluene/benzene in the liquid phase are similar to 
Equation 9, except that K, is modified by the competitive inhibition constant 
from the other substrate. For example, the rate of removal for toluene is: 

K
IT,I,BT ^ Xa *■      VL (Eq 12) 

^.rd + ^ + V,        Ko+°i 
KBT 

The rates of removals for the intermediates of toluene (R2TiJJT) and benzene 
(
R

23.L,BT) 
are tne same as Equation 10. 

The rate of oxygen consumption is similar to Equation 11, except that degrada- 
tion of toluene and benzene contribute to oxygen consumption: 

ROJ.,BT  = aWjK\,TJ.,BT + a20,TR2J,L,BT + aiO,BRl,B,L,BT + (Eq 13) 

a20,BR2,BJ.,BT + aO,XbXa
Vl       L 

eh a103 and «203 e<lual 0-41 g-O/g-benzei 
tively. 
in which a103 and ^ equal 0.41 g-O/g-benzene and 0.55 g-O/gCOD-S^ respec- 
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Toluene and p-Xylene as dual substrates. 

When toluene and p-xylene were fed simultaneously into the reactor, toluene 
was degraded as the primary substrate, and p-xylene was degraded as a come- 
tabolic compound. The rates of removals for toluene (R1TLPT) and its intermediate 
(R2TLPT) in the liquid phase are similar to Equations 12 and 10, except that the 
second substrate is p-xylene. 

The removal rate of p-xylene by the suspended biomass, R1J>LPT (MJT1), can be 
expressed as (Yu 1998): 

RMST = (ßxjRuj.^ + ßijbXaVL      °
L      ) * (Eq 14) 

K0+UL 

SP 

KTP 

The rate of oxygen consumption is modified from Equation 12: 

**-0,L,PT  ~ CCiO,p"l,P,L,PT + a\OjR\J,L,PT + a20,T^2,T,L,PT + '^ *■*>) 

<*oxbXaVL ^  

in which a10p equals 0.30 g-O/g-xylene. 

Removals by the Biofilm 

At steady state, there is no net accumulation of any substrate in the biofilm. 
Therefore, the rate of utilization or production of a compound by the biofilm, 
which sometimes was called the rate of surface removal (Pedersen and Arvin 
1995) or production, equals its mass flux into the biofilm. 

Toluene as a single substrate. 

At steady states, the mass flux of toluene into the biofilm, J1>T (MtolL'2T-1), can be 
obtained from the mass balance of toluene in the reactor: 

j    = MGL,T-RlT,L-QLShT,L (Eq 16) 
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where MGLT R1TL are defined in Equations 6 and 8, respectively, and S1TL is the 
toluene concentration in the liquid effluent (M^L3), and QL is the volumetric liq- 

uid flowrate of the effluent (I/T1). 

The toluene intermediate in the bulk liquid, S2TL is generated either from the 
reaction of toluene in the liquid phase or outward diffusion from the biofilm, 
where the majority of the toluene is degraded. The mass flux of toluene inter- 
mediate into the biofilm, J2T (M^I/T1), is then: 

2,T- A 

The sign of J2T could be negative in Equation 17, which indicates the flux of tolu- 
ene intermediate is from the biofilm to the liquid, or it could be positive, which 
means that the intermediate's flux is into the biofilm. 

The oxygen transferred from the gas phase into the liquid phase was used in the 
first- and second-step reactions, used in biomass decay, diffused into the biofilm, 
or advected out in the effluent. The mass flux of oxygen into the biofilm, J0 

(M^I/T^is: 

= MGLfi-Rox-QLQL 
0 A 

in which MGL0 and R0L are defined in Equations 8 and 11, respectively. 

To access the significance of mass-transfer limitation through the liquid-biofilm 
layer and the biofilm, the total effectiveness factor, r|T, is calculated for toluene: 

/7r=% (Eql9) 

where r^ is the observed removal rate of toluene (MJT1), and r*SL is the rate that 
would occur if the toluene concentration equals its value in the bulk liquid eve- 
rywhere in the carrier (MJT1). With the assumption that no removal occurs in 
the liquid film at the liquid-biofilm interface (Figure 15), robs = J1TA. The value for 
r*SL can be computed from the rate of toluene removal by the suspended biomass: 

= RVJTX, (E     0) 

where R1T^ is defined in Equation 9, and TXf is the total amount of biomass in 
the carriers (Mx), which equals the product of number of carriers loaded and the 
average biomass weight per carrier.  In this study, the effectiveness factors for 
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toluene intermediate were not computed, because it also was produced inside the 
biofilm. 

The total effectiveness factor includes the mass-transfer resistance in the biofilm 
and the liquid film. In this study, it is assumed that the resistance in the liquid 
film is negligible compared to the resistance in the biofilm because of the fol- 
lowing two facts: (1) the flow regime in the reactor was turbulent due to its 
three-phase nature, and (2) the microstructure of the carrier surface is rough 
and highly irregular. The assumption implies that the total effectiveness factor 
is an indicator of the mass-transfer resistance in the biofilm. A low value of r\T 

means high mass-transfer resistance in the biofilm, and that the depth of pene- 
tration in the biofilm for toluene is small. 

Toluene and benzene as dual substrates. 

When toluene and benzene are degraded simultaneously, the mass fluxes of 
toluene/benzene and their intermediates are similar to Equations 16 and 17. For 
example, the mass fluxes for toluene and its intermediate are: 

j ™GLT—R1TtBT—QLS1TL JlT     =  (Eq 21) 
A 

T              _ a\2J°\J,L,BT ~ ^2,T,L,BT ~QL^2,T,L /1?     no. 
J 2,T,BT " U^q &£>) 

A 

The mass-flux equation for oxygen is similar to Equation 18: 

j     = MGL,0-R0,LBT-QL0L (Eq 23) 

Toluene and p-xylene as dual substrates. 

The mass-flux equations for toluene/p-xylene, toluene intermediate, and oxygen 
are the same as Equations 21-23, except that R 1TL3T, R2XL3T, and R0UBT are re- 
placed by R1TLPT (RX^LJT- for p-xylene), R2TLFr, and R0LFr, respectively. Since thep- 
xylene intermediate is not degraded by the biofilm, its mass flux is: 

J
2,P,PT = :  (Eq 24) 

A 

Because the p-xylene intermediate did not accumulate inside the carriers, it can 
only take a negative value. 
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5   Results 

Gas-Liquid Mass Transfer 

The relationship between the concentrations of toluene in the gas and liquid 
phases during all the experiments (Ssl-Ss8) are shown in Figure 16. Also shown 
in Figure 16 are the conditions when the toluene in the two phases is at equilib- 
rium (solid line). Clearly, the toluene in the gas and liquid phases was near 
equilibrium during this study. The same is true for benzene and />-xylene (Fig- 
ure 17). Because biodegradation of BTX drives their transfer from the gas into 
the liquid phase, gas-liquid mass transfer of BTX was fast comparing to their 
biodegradation in the reactor and, consequently, did not limit the removal of 
BTX in this study. 

If gas-liquid equihbrium existed for oxygen, the liquid concentrations of oxygen 
should equal their O* values shown in Tables 9-11. As documented later in this 
chapter, the oxygen concentrations in the gas and liquid phases were not at 
equilibrium. Equation 8 shows that the difference between the O* and liquid 
oxygen concentration drives the gas-liquid mass transfer of oxygen. Therefore, 
in this study, the total oxygen surface loading rates were calculated as MGL0/A, 
where MGL0 was defined in Equation 8. 

Figure 16. Relationship between toluene concentrations in the gas and liquid 
phases. The symbols are experimental data. The solid line is the gas-liquid 
equilibrium. 
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Figure 17.  Relationship between (a) benzene and (b) p-xylene concentrations in the gas and 
liquid phases. The symbols are experimental data. The solid line is the gas-liquid equilibrium. 

Biomass in the Circulating-Bed Biofilm Reactor 

Biomass Fixed in the Porous Carriers 

For every steady state, 20 to 30 carriers were removed from the reactor and 
measured for biomass attached to the carriers. Figure 18 shows the average 
biomass (dry weight) per carrier for the seven steady states described in Tables 
9-11 and for SsO. The datum SsO was taken 2 wk prior to SSI, and it indicates 
that the biomass accumulation in the carriers had reached a constant value. 
Figure 18 also shows that, as the toluene loading increased from 0.030 mol/m2- 
day to 0.059 mol/m2-day (Ssl to Ss3), the biomass accumulated in the carriers 
also increased. Two samples were taken at the second steady state, Ss2. The 
first one was before any short-term experiments for Ss2 were started, and the 
second one was taken after Run Ss2-4 was completed and before Run Ss2-5 was 
started. The biomass dry weights in the carriers between the two measurements 
were almost identical, 1.4 mg/carrier. From Ss3 to Ss8, the biomass accumu- 
lated in the carriers did not change significantly due to the near-constant total 
COD loading rates. 
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Figure 18. Average weight of biomass per porous carrier. 

With the amount of carriers loaded in this study, the reactor had a specific bio- 
film surface area of 263 m7m3. The biofilm concentration in the reactor, which is 
proportional to its weight per carrier, was 8.2 g-Xa/m

2-biofilm surface or 2.2 kg- 
Xa/m

3-reactor volume during Ssl. The biofilm accumulation inside the carriers 
can be calculated from the biomass dry weight and wet volume (9.5xl02 cm3) of 
each carrier based on the assumption that the pores were evenly filled with bio- 
mass after a long period of growth. During Ssl, the biofilm accumulation was 12 
kg/m3-carrier. 

Examining the carriers under an 80X stereoscope, it was found that most of the 
biomass was inside the carriers, not on the outer surface. Thus, the carriers effi- 
ciently protected the biomass from being washed out. Since the void volume in- 
side each carrier was fixed, higher biomass accumulation suggested that the 
biomass accumulation was higher with higher substrate loading conditions. 

Biomass in the Suspended Phase 

The liquid-phase biomass concentrations during steady states Ssl-Ss3 and their 
short-term experiments are shown in Figure 19. In general, the values for each 
set of experiments for a series vary around a mean. For example, the biomass 
concentrations of the varied-toluene-loading experiments from Ssl fluctuated 
from 7 mg/L to 15 mg/L, with a mean of nearly 11 mg/L. The mean values 
changed systematically, and more biofilm accumulation gave more biomass in 
the effluent.   However, changes among the short-term experiments for a given 
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steady state showed no strong patterns except for Ss3, which had lower sus- 
pended biomass concentrations at high toluene loading or low oxygen loading 
rates. It is not clear if changes in the liquid-phase biomass were caused by 
changes in growth of suspended bacteria or by detachment of biofilm. However, 
evidence suggests that the detachment may have been more important. The 
suspended biomass always was less than 1 percent of the total biomass present 
in the reactor, and it was mostly tiny floes, suggesting that they were detached 
from the biomass on the carriers. 

The suspended biomass concentrations during Ss4-Ss6 and Ss7-Ss8 showed 
similar trends to those observed in Ss3 and varied between 30-44 mg-Xa/L and 
30-40 mg-X/L, respectively (data not shown). 
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Figure 19. Measured and average biomass concentrations in the bulk liquid during steady 
states Ss1-Ss3 and their short-term experiments, (a) Runs with 100% air, (b) Runs with toluene 
loading rates at the steady-state values: 0.030, 0.042, and 0.059 mol/m2-day for Ss1, Ss2, and 
Ss3, respectively. The open symbols are data from the steady states. The horizontal lines are 
means of the data for all runs associated with a steady state. 

Removals of Toluene as the Sole Substrate 

Overall Responses of the Reactor 

The results from the steady-state runs Ssl-Ss3 and their corresponding short- 
term experiments are compared in Figures 20 to 37.*    In these figures, the 

Figures will be presented as they are discussed in the remainder of this chapter. 
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graphs labeled (a) show the results for runs of varying total toluene surface- 
loading rates when the gas stream was fixed as 100 percent air. The graphs la- 
beled (b) show the results for runs of varying total oxygen surface-loading rates 
when the toluene loading was fixed at one of the steady state values: 0.030, 
0.042, and 0.059 mol/m2-day for Ssl, Ss2, and Ss3, respectively. In these figures, 
the open symbols are for the steady states, and the closed symbols are for the 
short-term experiments. 

Figure 20 shows the DO concentrations in the liquid phase at the three steady 
states and their short-term experiments. Figure 20(a) shows that, as the toluene 
loading increased, the DO concentration decreased steadily and then leveled off. 
The leveling implies that the reactor had reached its capacity for oxidizing the 
toluene. Figure 20(a) also shows that, at equal toluene-fluxes, the oxygen con- 
sumption was higher when more biofilm was available for biodegradation (i.e., 
Ss3>Ss2>Ssl). In Figure 20(b), the dissolved oxygen concentration increased 
with the oxygen flux. Figure 20(b) also shows that, at equal oxygen fluxes, the 
oxygen consumption was higher when more biofilm was available for biodegrada- 
tion. 

Although the liquid-phase oxygen concentration was at least 3 mg/L when gas 
stream was 100 percent air, oxygen limitation probably occurred inside the car- 
rier due to diffusion limitation. The leveling off to maximum capacity (Figure 
20(a)) was possibly controlled by oxygen limitation inside the carriers. 
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Figure 20. DO concentrations in the bulk liquid during Ss1-Ss3. 
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Figures 21-23 show the concentrations of toluene in the gas effluent, toluene in 

the liquid effluent, and the COD in the liquid effluent during steady states Ssl- 

Ss3 and their short-term experiments. As toluene loading increased or oxygen 

loading decreased, all three concentrations increased dramatically. 

Comparing the (a) graphs of Figures 21-23 with the (a) graph of Figure 20 sug- 

gests that oxygen limitation was the most significant factor controlling toluene 

removal for high toluene loading. On the other hand, the last three data points 

for Ss2 and Ss3 and the last four points for Ssl did not show significantly im- 

proved toluene and COD removal with increasing oxygen fluxes (presented in 

Figure 20(b)). Therefore, oxygen was not rate limiting when the liquid-phase 

oxygen concentration was greater than 2-3 mg/L for the steady state toluene 

loading rates used. 
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Figure 21. Toluene concentrations in the gas effluent during Ss1-Ss3. 
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Figure 22. COD concentrations in the bulk liquid during Ss1-Ss3. 
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Figure 23. COD concentrations in the bulk liquid during Ss1-Ss3. 

The COD in the liquid measures the total oxygen demand by toluene, its inter- 

mediate, and soluble microbial products. Figure 24 shows the fractions of the 

liquid COD attributed to toluene during Ssl-Ss3 and their short-term experi- 

ments. When the gas stream was 100 percent air, the fractions of toluene/total 

COD were higher with increased toluene loading (Figure 24(a)). When the total 

toluene loading was fixed, the fractions of toluene/total COD increased when 

oxygen flux decreased (Figure 24(b)). These trends support that the first step — 

toluene oxygenation — was rate limiting when the toluene loading was high 

and/or the oxygen loading was low. 
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Figure 24. The fraction of COD in the liquid that was toluene during Ss1-Ss3. 
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Two removal efficiencies by the circulating-bed biofilm reactor are calculated. 
The first is the removal efficiency of toluene, calculated based on the amount of 
toluene entering (gas phase) and leaving (gas and liquid phases) the reactor. 
The second is the removal efficiency of total COD, calculated based on the 
amount of COD entering (toluene in the gas phase) and leaving (toluene in the 
gas and liquid phases plus intermediate COD in the liquid phase) the reactor. 
Figures 25 and 26 show the percentage removals of toluene and COD, respec- 
tively. In general, the efficiencies decreased with increases in toluene loading or 
decreases in oxygen loading. Dramatic decreases are observed for the highest 
one or two toluene-loading rates and for the 1 to 4 lowest oxygen-fluxes, which 
also were when cresols were detected in the liquid effluent. For example, the ef- 
ficiencies for Ssl and its short-term runs were higher than 92 percent for all but 
the highest toluene or the lowest oxygen loading. For the lowest toluene loading 
(0.015 mol/m2-day), the toluene removal was almost 100 percent, and a very 
small amount of COD (0.93 mgCOD/L) was in the liquid effluent. Except for the 
highest toluene loading, the COD removal was only slightly less than the toluene 
removal, and effluent COD was 0.93 to 7.6 mgCOD/L. At the highest toluene 
loading, the intermediates in the liquid phase were high (16 mgCOD/L), and the 
COD removal was 3 percent lower than toluene (77 percent vs. 80 percent). 
Thus, in cases for which intermediates persist, the removal of COD may be the 
more stringent criterion for assessing reactor performance. 

The discrepancies between the removal efficiencies of toluene and COD also were 
significant at very low oxygen-loading rates. For example, at the lowest oxygen 
loading rate (0.025 mol/m2-day), the efficiencies for toluene and COD removal of 
Run Ss2-8 were 55 percent and 49 percent, respectively (Figures 25(b) and 
26(b)). Figures 25 and 26 also show that, when oxygen-loading rates were above 
certain values, the removals of toluene and COD did not increase further be- 
cause oxygen was not limiting the reaction anymore. 

Figures 25 and 26 show that the toluene removal in the Ss3 experiments was 
less than in the Ssl experiments, although Ss3 had more biomass in the carriers. 
This result is probably caused by greater oxygen limitation in the biofilm in Ss3. 
Oxygen availability might be more severely restricted during Ss3 than Ssl for 
several reasons. First, the higher biomass accumulation in the carriers during 
Ss3 increased the mass-transfer resistance in the biofilm significantly. Second, 
the larger amount of biomass in the carriers consumed more oxygen for respira- 
tion (Figure 20). Consequently, the penetration depth of oxygen in the biofilm 
decreased significantly. Although more biomass accumulated in the carriers 
during Ss3, less biomass was available to degrade toluene and its intermediate. 
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Figure 25. Toluene removal from the circulating bed during Ss1-Ss3. 
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Figure 26. COD removal from the circulating bed during Ss1-Ss3. 

Figure 27 shows the percentages of COD removals vs. directly measured vari- 

ables such as toluene and DO concentration in the bulk liquid. When the gas 

stream was 100 percent air, total COD removal decreased linearly with the liq- 

uid toluene concentration, and the percentage of removal was lower when the 

biofilm accumulation was greater. When toluene-loading rates were fixed, low 

DO concentration dramatically decreased the percentages of COD removed. The 

DO concentration, above which the maximum rate occurred, depended on biofilm 

accumulation. A higher DO was needed with larger biofüm accumulation. For 

all the runs in this study, a DO concentration above 3 mg/L did not improve the 

COD removal significantly. 
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Figure 27. COD removals at various concentrations of toluene and DO from the circulating bed 
during Ss1-Ss3. 

Removals by the Suspended Biomass 

Figure 28 shows what percentages of the total removal of toluene were attrib- 
uted to the suspended biomass in the circulating-bed biofilm reactor. The per- 
centage of total toluene removal by the suspended biomass varied from zero to as 
high as 30 percent. When the gas stream was 100 percentair (Figure 28(a)), the 
percentages increased with higher toluene loading and with greater biomass ac- 
cumulated in the carriers, which correlates to a higher average suspended- 
biomass concentration (Figure 19). When the toluene loading was fixed at the 
steady state values (Figure 28(b)), increased oxygen loading shifted the removal 
of toluene to the biofilm. Both results taken together strongly support that oxy- 
gen was limiting the toluene removal inside the biofilm. Dual limitation of tolu- 
ene and oxygen occurred in the biofilm, but the biomass in the suspended phase 
was not subjected to the diffusion limitations in the carriers and responded to 
the increases of toluene concentration in the liquid phase more dramatically. 
Therefore, its contribution to the total toluene removal increased whenever the 
biofilm became more diffusion-limited for oxygen. At higher biomass concentra- 
tions in the carriers, the resistance to mass transfer was greater, making the 
contribution of suspended biomass greater. Likewise, a low DO concentration 
accelerated oxygen limitation in the biofilm. 

Figure 29 shows the percentages of the toluene intermediate removed by the 
suspended bacteria. Although a higher percentage was removed in the liquid 
phase when more biomass accumulated in the carriers, the trends are opposite to 
those for toluene in response to toluene and oxygen loading. An increase of tolu- 
ene loading or a decrease in 02 loading shifted the intermediate removal into the 
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biofilm. These trends could be caused by toluene inhibition, which was relieved 

by the low toluene concentrations inside the biofilm. Toluene concentrations 

were higher in the bulk liquid for high toluene loading and low oxygen loading 

(Figure 20). Thus, the impact of diffusion resistance in the biofilm would be 

greatest in these cases and would have the positive effect of reducing inhibition. 
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Figure 28.   Percentages of toluene removal by the suspended biomass to the total toluene 
removal during steady states Ss1-Ss3 and their short-term experiments. 
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Figure 29. Percentages of toluene intermediate removal by the suspended biomass to its total 
removal during steady states Ss1-Ss3 and their short-term experiments. 
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The percentages of oxygen consumed in the liquid, shown in Figure 30, do not 
show a clear trend for toluene, but decrease with increasing oxygen fluxes. This 
result can be explained by the stoichiometry and kinetics of oxygen consumption 
during the two steps of toluene degradation. In the first reaction, 1 mole of oxy- 
gen reacts with 1 mole of toluene to produce one mole of its intermediate. Based 
on the value of a20T, each mole of toluene intermediate consumes 3.68 moles of 
oxygen during its complete oxidation. When toluene loading increases, the in- 
crease in oxygen consumption by the first-step reaction (Figure 28(a)) and the 
decrease in oxygen consumption by the second-step reaction (Figure 29(a)) in the 
liquid offset each other. Consequently, the total amount of oxygen consumed in 
the liquid shows no clear trends with toluene loading. On the other hand, when 
oxygen loading increases, the increase in oxygen consumption in the biofilm by 
the first-step reaction (Figure 28(b)) outweighs the increase in oxygen consump- 
tion in the liquid (Figure 29(b)). Therefore, oxygen consumption in the liquid be- 
came less important when the oxygen loading increases. 
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Figure 30.    Percentages of oxygen consumed by the suspended biomass to its total 
consumption during steady states Ss1 -Ss3 and their short-term experiments. 

Removals by Biofilm 

Figure 31 shows that, when the total surface loading of toluene and oxygen in- 
creased, their surface removals by the biofilm also increased. The slope of the 
relationship for toluene decreases as its loading increases, while the slope for 
oxygen is a constant. The trends for toluene suggest that there is a toluene re- 
moval "capacity" for the amount of biomass active under the steady state condi- 
tions; above that capacity increased toluene loading does not increase its removal 
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in the biofilm, even when oxygen does not appear limiting in the biofilm. The 
overall effective factor for toluene, calculated using the concentrations of toluene 
and oxygen in the bulk liquid, at the highest toluene-loading rate during Ss3 was 
less than 0.03. Therefore, only a small fraction of biomass in the carriers, at the 
outer surface, was active in degrading toluene. 

Figure 32 shows the effectiveness factors of biofilm for toluene during Ssl-Ss3 
and their short-term experiments. When the gas stream was 100 percent air 
(Figure 32(a)), the effectiveness factors were higher when biofilm accumulation 
was lower, possibly due to the less mass-transfer resistance associated with 
lower biofilm accumulation.   For the same biofilm accumulation in each steady 
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Figure 31. Relationship between total toluene/oxygen loading rates and their biofilm removals 
during steady states Ss1-Ss3 and their short-term experiments. 
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state, increased toluene-loading rates caused the effectiveness factors to decrease 
and eventually level off. This result supports that oxygen was depleted in a 
shallower depth from the biofilm surface at higher toluene fluxes and limited the 
toluene degradation reaction. The effects of oxygen on toluene degradation are 
further demonstrated in Figure 32(b). When the toluene loading was fixed dur- 
ing each steady state, decreased oxygen loading caused the effectiveness factors 
for toluene to decrease continuously. In other words, the portion of the biofilm 
active in substrate oxidation became smaller as the DO concentration declined. 

Figure 33 shows the fluxes of the toluene intermediate into (or out of) the biofilm 
at various toluene or oxygen loading rates. At low toluene loading, the interme- 
diate diffused from biofilm into the liquid, as indicated by the negative signs for 
its fluxes. As toluene loading increased, the intermediate fluxes from the biofilm 
decreased, reached zero at about 0.32 mol/m2-day, and then increased in the re- 
verse direction. Since the fluxes were positive, the intermediate diffused into the 
biofilm at high toluene loading rates. The changes happened at about the same 
toluene-loading rate, but were more dramatic for carriers with higher biomass 
accumulation. The intermediate flux leveled off at higher toluene loading, while 
for Ss3, the flux into the biofilm started to decrease even at very high toluene 
loading. The change of flux direction was caused by two related phenomena. 
First, a larger percentage of toluene was removed in the liquid at high toluene 
loading (Figure 28(a)), which caused the intermediate to accumulate in the liq- 
uid. Second, intermediate removal was less inhibited by toluene in the biofilm, 
where the toluene concentrations were lower than that in the liquid. Perhaps at 
the very high toluene loading (the highest one for Ss3), the toluene in the biofilm 
began inhibiting the intermediate degradation. 
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Figure 33.  Relationship between total toluene/oxygen loading and the mass fluxes of toluene 
intermediate into the biofilm during steady states Ss1-Ss3 and their short-term experiments. 
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The fluxes of intermediate in response to the oxygen loading, on the other hand, 

showed the opposite trends, except for one outliner at Ss3. At higher oxygen 

loading rates, more toluene was converted to its intermediate in the biofilm 

(Figure 28(b)). Therefore, the intermediate fluxes were negative as oxygen limi- 

tation on toluene degradation was relieved. The oxygen fluxes at which the in- 

termediate flux changed its direction were much lower for carriers with lower 

biomass accumulations, likely due to their lower 02 consumption by respiration 

or mass-transfer resistance. The change in direction of the toluene intermediate 

is an important finding in this study because it supports the ideas that (1) tolu- 

ene degradation is limited strongly by oxygen, and (2) the intermediate degrada- 

tion is limited strongly by toluene inhibition. 

Figure 34 shows the fluxes of the toluene intermediate at various ratios of the 

toluene and oxygen fluxes. Both types of experiments with varying toluene and 

oxygen loading rates showed the same trends. When the gas stream was 100 

percent air (graph (a)), the flux of intermediate for Ssl was zero when the ratio 

was near the stoichiometric ratio for complete oxidation of toluene (0.21 mol- 

toluene/mol-02). With higher toluene/oxygen flux ratios, the flux of intermediate 

was positive, but much more dramatic for carriers with higher biomass accumu- 

lations. When more biomass accumulated in the carriers, the toluene/oxygen 

flux ratios at which the intermediate flux was zero were lower than the stoichi- 

ometric ratio for complete oxidation of toluene. This result supports that oxygen 

consumed in the carriers for biomass respiration was important in relation to the 

consumption by toluene degradation reactions. 
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Figures 35 and 36 show the dependencies of mass fluxes of toluene, its interme- 
diate, and oxygen into the biofilm on the concentrations of toluene and oxygen in 
the liquid, respectively. Figure 36 shows that the toluene flux (i.e., biofilm sur- 
face removal rate) follows a relationship similar to the Monod-type with toluene 
and oxygen concentrations. At low concentrations of toluene or oxygen in the 
liquid, the flux increases linearly (first order) with the concentrations of toluene 
or oxygen. At higher concentrations, the reaction order decreases to zero, indi- 
cating that the other substrate is rate limiting. The apparent "half-maximum- 
rate" concentrations for oxygen, K^ depend on biomass accumulation in the car- 
riers and equal 0.65, 0.85, and 1.2 mg-O/L for biomass densities of 12, 16, and 23 
kg/m3 (Ssl-Ss3), respectively. 

The trends of intermediate flux into the biofilm in response to the concentrations 
of toluene and oxygen, presented in Figure 36, are similar to those shown in Fig- 
ure 33. With increased toluene concentration or decreased oxygen concentration, 
the direction of mass flux of intermediate shifts from outward to inward as a re- 
sult of stronger inhibition by the toluene in the liquid phase. The inhibition ef- 
fect caused by high concentration of toluene in the liquid is also shown for Ss3 
(graph (a)). 
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Figure 36. Dependency of intermediate fluxes into the biofilm on the concentrations of toluene 
and oxygen in the liquid. 

The dependency of oxygen flux on the toluene and oxygen concentrations in the 

liquid is shown in Figure 37. When the gas stream was 100 percent air (graph 

(a)), the oxygen flux into the biofilm increased quickly with toluene concentration 

and reached a plateau, after which further increase of toluene concentration had 

no effect on oxygen consumption in the biofilm. On the other hand, when toluene 

loading was kept the same (graph (b)), oxygen flux continued to increase with 

DO concentration. This result supports the observation of Figure 34 that oxygen 

consumed in the carriers by biomass respiration was important for establishing 

the active depth of the biofilm. 
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Summary 

The experiments using toluene as the sole substrate systematically studied the reac- 
tor performance under either toluene- or oxygen-varying conditions at three different 
biofilm accumulations. The most significant findings of these experiments are that 
toluene removal is most strongly limited by the availability of oxygen, and that tolu- 
ene intermediate removal is most strongly limited by inhibition from toluene. 

The first conclusion is demonstrated by these observations. When the oxygen load- 
ing decreased, the fraction of effluent COD that was toluene increased significantly, 
and the toluene removal efficiencies were much lower. The rate of toluene surface 
removal by the biofilm also decreased as the DO concentration in the bulk liquid 
decreased, causing a shift of zero-order kinetics for DO at high DO concentrations to 
first-order at low DO concentrations. One interesting behavior of the reactor was 
that the toluene removals decreased at higher biofilm accumulation in the carriers. 
Since the reaction kinetics were the same at these different biofilm accumulations, 
the decrease in toluene/COD removals is most likely due to more severely limited 
oxygen availability inside the carriers at higher biomass accumulation, when en- 
dogenous respiration was greater. 

The second conclusion is demonstrated by these observations. Increased toluene 
loading caused more toluene intermediate to be removed inside the biofilm. When 
toluene loading was low, intermediate produced from toluene degradation inside the 
biofilm diffused out of the biofilm, while at high toluene loading the intermediate 
diffused into the biofilm, where the concentration of toluene was lowered by diffu- 
sion limitation. Similarly, when oxygen loading decreased in the reactor, the re- 
sulting higher concentrations of toluene in the liquid caused the toluene intermedi- 
ate to diffuse into the biofilm. 

Another important finding is that the suspended biofinass played a key role even 
though it was only about 1 percent or less of the total biomass. Since biomass grows 
when degrading toluene, the suspended biomass is always present in this type of 
reactor, either from growth of the suspended biomass itself or detachment from the 
carriers. The change in the direction of the mass flux of toluene intermediate is a 
key sign of the role of the suspended biomass in toluene degradation. For example, 
when toluene loading was high (high toluene concentration in liquid) or the DO low, 
the suspended biomass quickly transformed a large quantity of toluene into its in- 
termediates, which then diffused into the biofilm and was removed there. The sus- 
pended biomass could become more important in these settings because it was less 
diffusion limited, particularly for oxygen. On the other hand, the intermediate gen- 
erated by the suspended biomass had to be degraded in the biofilm, where toluene 
inhibition was relieved by diffusion resistance. 
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These results have significant implications in optimizing the reactor perform- 
ance. For example, they suggest that a large accumulation of biofilm should be 
avoided in order to maximize the toluene removal efficiency and oxygen utiliza- 
tion efficiency. In this study, the only factor that affected the biofilm accumula- 
tion was the COD loading. Other factors that could affect the biofilm accumula- 
tion inside the carriers are most possibly related to the physical/chemical 
characteristics of the carriers, such as porosity, pore size, and the surface proper- 
ties of the pores. 

Removals of Toluene and Benzene as Dual Substrates 

Overall Responses of the Reactor 

Steady states 4 to 6 (Ss4-Ss6) studied the removals of toluene and benzene as 
dual substrates. To avoid complications caused by variation in biomass accu- 
mulation in the carriers, the total surface loading of COD was maintained the 
same as Ss3, while toluene was replaced by benzene from Ss4 to Ss6 (Table 10). 
Figure 18 showed that the weight of biomass per carrier only varied slightly 
from Ss4 to Ss6. Figures 38 and 39 show the concentrations of toluene and ben- 
zene in the gas and liquid effluents during Ss4-Ss6, respectively. The general 
trends shown in Figures 38 and 39 are similar to those for toluene during Ssl- 
Ss3 (Figures 21(a) and 22(a)). Toluene and benzene concentrations increased 
steadily with their total surface loading rates. Since more toluene was replaced 
by benzene in the toluene/benzene mixture from Ss4 to Ss6, the concentrations of 
toluene at the same COD loading rates were from Ss4 to Ss6, while the trends 
for benzene were the opposite. 
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Figure 39. Concentrations of toluene and benzene in the liquid effluent during Ss4-Ss6. 

For toluene, its concentrations in the liquid were less than 1.0 mg/L for all the 
runs except the two highest COD loading rates. For benzene, its concentrations 
in the liquid were less than 0.5 mg/L for all the runs except the highest COD 
loading of Ss4 and the two highest COD loading rates of Ss5-Ss6. 

Figure 40 shows the concentrations of DO and COD in the bulk liquid during 
Ss4-Ss6. The values of DO and COD were very close to each other during the 
steady states and short-term experiments. They also were close to those for Ss3 
(Figures 20(a) and 23(a)). In general, the DO values decreased initially and then 
leveled off as the total COD loading increased. The COD concentrations in the 
bulk liquid increased steadily with the total COD loading. Runs Ss3 to Ss6 
spanned more than 1 month over time. The DO and COD removal results indi- 
cate that stable biofilm activity in the circulating bed was maintained in this 
study even after many short periods of overloading and underloading during the 
short-term experiments. 

The similarities in reactor performance among Ss4-Ss6 also can be found in Fig- 
ures 41 and 42, which show the percentages for toluene, benzene, and total COD 
removal. Similar to the runs with toluene as the sole substrate, the removal effi- 
ciencies of toluene and benzene differed from those of COD. At low loading 
rates, more than 90 percent of toluene and benzene were removed, while only 85 
to 90 percent of the COD was removed. At the highest loading rate, however, the 
removals of toluene, benzene, and COD were between 57 and 60 percent, 45 and 
53 percent, and 51 and 55 percent, respectively. Thus, when more than one sub- 
strate was degraded, their removal efficiencies were all different, depending on 
the kinetics of their biodegradation reactions and interactions.    Therefore, 
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removals of COD and individual substrates need to be monitored to fully charac- 

terize system performance. 

figure 42 also shows that the COD removals among Ss4-Ss6 were nearly identi- 

cal when the loading was below 17 gCOD/m2-day, which was the steady state. 

When the loading was higher than the steady state value, the COD removal in 

the reactor was slightly lower when toluene was replaced by benzene. Overall, 

the COD removals reached a plateau for the highest two loading rates, for which 

percentage removals decreased from more than 85 percent to slightly over 50 

percent. For the lowest three COD loading rates, the percentage removals only 

decreased from 90 to 85 percent. 
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Figure 40. DO and COD concentrations in the bulk liquid during Ss4-Ss6. 
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Figure 42. COD removals from the circulating bed during Ss4-Ss6. 

The slightly decreased reactor performance when more toluene was replaced by 
benzene was most likely due to the competitive inhibition between toluene and 
benzene (Yu 1998). The inhibition effect is only significant when the concentra- 
tion of the inhibiting compound is well above the inhibition constant. The inhibi- 
tion constants for toluene and benzene, K^ and K^,, were similar (i.e., 0.49 mg- 
toluene/1 and 0.51 mg-benzene/L, respectively) (Yu 1998). Figure 39 shows that 
the toluene and benzene concentrations were below 1.0 mg/L for all the loading 
rates equal and less than the steady state values. Therefore, the inhibition ef- 
fects between toluene and benzene were minimal under these loading rates, as 
indicated by the nearly identical reactor performance among Ss4-Ss6. 

At the two highest COD loading rates, the liquid concentrations of toluene were 
greater than 2.0 mg/L, and the liquid concentrations of benzene were greater 
than 0.5 mg/L, except for the second highest loading rate during Ss4. Toluene 
and benzene inhibit each other's first-step reactions. The inhibition between 
toluene and benzene was the strongest during Ss6 because both substrates were 
at higher concentrations. Consequently, the overall reactor performance was the 
worst for Ss6 during the highest two loading rates. Since the concentrations of 
toluene were always higher than that of benzene, the inhibition of benzene deg- 
radation from toluene was the greater. This result contributed to the observa- 
tion that the percentage removals of benzene were about 10 percent lower than 
toluene at the highest COD loading rate, although the benzene loading was only 
about one-third the loading of toluene. 



70 ERDC/CERLTROO-9 

During Ss4-Ss6, other trends observed for toluene and benzene were similar to 
those for toluene during Ssl-Ss3. The effect caused by the noncompetitive inhi- 
bition from BTX to their intermediates is one example. Figure 43 shows the per- 
centages of toluene and benzene intermediates that were removed by the sus- 
pended biomass. For both, increased loading rates during each steady state/ 
short-term runs forced their intermediates to be removed in the biofilm, where 
inhibition was less severe due to the lower toluene and benzene concentrations. 
From Ss4-Ss6, benzene concentrations in the liquid decreased at the same ben- 
zene loading (Figure 39(b)). Consequently, the percentages of benzene interme- 
diates removed by the suspended biomass were highest for Ss6 at the same ben- 
zene loading. In this study, only the total COD values for toluene and benzene 
intermediates were measured directly. The COD for each intermediate was 
computed from the molar ratio between the intermediates of toluene and ben- 
zene, which equaled the ratio of their peak areas on the HPLC spectrum. 
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Figure 43. Percentages of toluene and benzene intermediates removed by suspended biomass 
during Ss4-Ss6. 

Competitive Inhibition between Toluene and Benzene 

Figure 42 shows that competitive inhibition between toluene and benzene caused 
the reactor performance to decrease slightly when toluene was replaced by ben- 
zene in the mixture. The mole fractions of benzene in the toluene/benzene mix- 
ture were 0.056, 0.13, and 0.26 in Ss4-Ss6, respectively. Since the total COD 
loading rates were the same during the three steady states and their short-term 
experiments among Ss4-Ss6 (Table 10), the steady state and short-term runs 
were regrouped based on their COD loading rates. This rearrangement 
facilitated the comparison among runs with similar toluene, but dramatically 
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different benzene loading rates. Table 13 lists the five new groups, their original 

run names, and their loading conditions. Only Groups 4 and 5 showed notable 

effects of inhibition between toluene and benzene, while Groups 1-3 showed little 

or no effects of inhibition between toluene and benzene. 

The removal efficiencies for toluene and benzene in the reactor are shown in 

Figure 44 according to the five groups. The removal efficiencies and benzene 

loading rates within a group show little correlation. However, the efficiencies 

decrease sharply as the COD loading rates increase (Groups 4 and 5). 

Table 13. New groups of the runs of Ss4-Ss6. 

Group Run Name in Total COD Loading Toluene Benzene 
Name Table 10 (gCOD/m2day) (mol/m2day) (mol/m2day) 

Group 1 SS4-1 8.6 0.029 0.0017 

Ss5-1 0.027 0.0041 

SS6-1 0.024 0.0077 

Group 2 Ss4-2 12.1 0.040 0.0024 

Ss5-2 0.037 0.0057 

Ss6-2 0.033 0.011 

Group 3 Ss4 17.0 0.056 0.0034 

Ss5 0.052 0.0080 

Ss6 0.046 0.015 

Group 4 Ss4-3 23.7 0.078 0.0047 

SS5-3 0.073 0.011 

Ss6-3 0.065 0.021 

Group 5 Ss4-4 33.2 0.11 0.0066 

Ss5-4 0.10 0.016 

Ss6-4 0.091 0.030 
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Figure 44. Effect of benzene loading on toluene and benzene removal during Ss4-Ss6. 
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Figure 45 shows the removal efficiencies of COD and the COD quality of efflu- 

ents during Ss4-Ss6, again according to the five groups. The results show that, 

when toluene was replaced by benzene, the overall COD removals changed only 

slightly, but the fraction of COD in the effluent attributed to benzene and tolu- 

ene increased slightly, as the benzene loading increased. In general, because the 

degradation kinetics of toluene and benzene are similar, their coexistence did not 

cause the reactor performance to change dramatically from treating one of them 

as the sole substrate. 

The percentages of total toluene and benzene removals by the suspended bio- 

mass during Ss4-Ss6 are shown in Figure 46. For toluene, increases in benzene 

loading decreased the fraction of toluene removed in the bulk liquid. The de- 

creases in percentages were especially significant for Groups 4 and 5, both of 

which dropped 27 percent. On the other hand, the percentages of benzene re- 

moved in the bulk liquid were always much lower than those of toluene and re- 

mained relatively constant (mean 5.1 percent). 

The differences in the trends for toluene and benzene are most likely due to the 

inhibition effects between them. In any run, the concentration of toluene was 

always at least two times higher than that of benzene. Therefore, the stronger 

inhibition from toluene to benzene caused most of the benzene degradation to 

occur inside the biofilm. 
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Figure 46. Percentages of toluene and benzene removals caused by suspended biomass during 
Ss4-Ss6. 

Figure 47 compares the percentages of toluene and benzene intermediates that 
were removed in the bulk liquid. Except for Groups 1 and 2, whose data were 
more scattered due to their low substrate loading rates, benzene loading had lit- 
tle effect on toluene intermediate removal in the liquid when the total COD 
loading rate was fixed. The percentage removals of benzene intermediate in the 
liquid decreased in response to increased benzene loading due to the inhibition 
for benzene to its intermediate. At higher COD loading rates, higher portions of 
toluene and benzene intermediates were removed in the biofüm because of the 
overall higher concentrations of toluene and benzene in the liquid. This result 
supports the concept that more removal occurred inside the biofilm when inhibi- 
tion was most important in the bulk liquid. 

Figures 45-47 show that increases in benzene loading caused more toluene and 
the intermediates of toluene and benzene to be removed inside the biofilm, but 
did not change the overall reactor performance significantly. The relationships 
among toluene and benzene loading and their mass fluxes into the biofilm are 
shown in Figure 48. In both cases, the fluxes into the biofilm increased with the 
total surface loading rates. These trends are similar to runs with toluene as the 
sole substrate, which were shown in Figure 31. 

The effect of toluene loading on the mass fluxes of its intermediate is similar to 
the results from Ssl-Ss3 (Figure 49(a)). Except for the lowest two COD loading 
groups, for which data did not show clear trends due to small values, the inter- 
mediate flux into the biofilm increased with toluene loading. Within each group, 
higher toluene loading was associated with lower benzene loading.   Therefore, 
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higher benzene loading in a group was related to lower mass flux of toluene in- 

termediate into the biofilm or fluxes out of the biofilm. This result occurred be- 

cause, at higher benzene loading rates, the higher liquid benzene concentrations 

caused more toluene to be converted to its intermediate inside the biofilm, where 

inhibition was reduced. The same reasoning explains Figure 49(b). When the 

COD loading was fixed in one group, more benzene intermediate diffused out of 

the biofilm at higher benzene loading rates because about 95 percent of the ben- 

zene were removed inside the biofilm, where inhibition was relieved. 
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Summary 

The experiments using toluene and benzene as dual substrates focused on 
studying how the interactions between competing substrates affect reactor per- 
formance. It is known that P. putida Fl degrades toluene and benzene via 
similar pathways, and they competitively inhibit each other's first-step reaction. 
Therefore, the COD loading was maintained at a nearly constant level while the 
benzene mole fractions changed from 0.056 to 0.26, a 360 percent increase. 

The results showed that the overall COD removal efficiencies changed little from 
the same COD loading with toluene as the sole substrate. The noncompetitive 
inhibition from toluene and benzene to their intermediates forced more interme- 
diates to be removed in the biofilm. In addition, the benzene-loading rate had no 
effect on the removal efficiencies for toluene and benzene for the range of loading 
rates used. At higher benzene loading rates, however, more toluene was re- 
moved in the biofilm, where the competitive inhibition effect from benzene was 
smaller. Because toluene was always present in a much higher concentration 
than benzene, its inhibition effect on benzene degradation was much greater 
than was benzene's effect on toluene degradation. For the toluene and benzene 
mixtures used, only 5 percent of benzene was removed in the bulk liquid, while 
the percentages for toluene were always greater than 12 percent (12 to 18 per- 
cent). As a result, toluene intermediate diffused into the biofilm at higher tolu- 
ene loading rates, while benzene intermediate always diffused out of the biofilm. 
Overall, the competitive inhibition between toluene and benzene caused more 
substrates to be removed in the biofilm, where inhibition was relieved. 
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Removals of Toluene and p-Xylene as Dual Substrates 

The experiments with toluene and p-xylene as dual substrates, Ss7-Ss8, were 

designed similarly to those with toluene and benzene as dual substrates, Ss4- 

Ss6. The mole fractions of/»-xylene in the toluene/xylene mixtures were 0.056 

and 0.13 for Ss7 and Ss8, respectively. These mole fraction values were the 

same as those for Ss4 and Ss5. The total COD loading rates of Ss7-Ss8 were also 

kept close to the values of Ss4-Ss5. Comparing to the runs using toluene and 

benzene as dual substrates, the only difference in Ss7-Ss8 is that p-xylene was 

degraded as a cometabolic compound — degradation of p-xylene requires elec- 

trons and energy released by the degradation of toluene intermediate. In addi- 

tion, the intermediate of p-xylene is not degradable by P. putida Fl. 

The concentrations of toluene andp-xylene in the gas and liquid effluents during 

Ss7-Ss8 are shown in Figures 50 and 51, respectively. Because the interaction 

between the first-step reactions of toluene andp-xylene is similar to that of tolu- 

ene and benzene, the general trends observed during Ss4-Ss6 (Figures 38 and 

39) also were found during Ss7 and Ss8. All concentrations increased dramati- 

cally at higher loading. 
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Figure 52 shows the DO and COD concentrations in the bulk liquid. The DO 

concentrations were very close for Ss7 and Ss8; the curves are similar, but 

slightly higher than those for Ss4-Ss5, which had the same total COD loading as 

Ss7-Ss8. Figure 52 also shows that the COD concentrations for Ss8 were always 

higher than those for Ss7. This observation is different from the runs with dif- 

ferent toluene/benzene compositions (Figure 40) and comes about because the 

intermediate of p-xylene was not further degraded by P. putida Fl, while toluene 

and benzene intermediates can be degraded completely. Therefore, the interme- 

diate from/?-xylene accumulated in the reactor and washed out the reactor in the 

effluent. 
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The removal efficiencies of toluene and p-xylene during Ss7-Ss8 are shown in 
Figure 53. Comparing with Figure 41(a), the reactor behaved similarly in re- 
moving toluene when benzene or p-xylene was the second substrate, as shown by 
the removal efficiencies. This result can be explained from the interactions be- 
tween toluene and benzene and between toluene and p-xylene during degrada- 
tion. The values of competitive inhibition constants for benzene to toluene, KgT, 
and for p-xylene to toluene, Kpj,, are similar (0.51 mg-benzene/1 and 0.87 mg- 
xylene/1) (Yu 1998). Therefore, the inhibition effects from benzene and p-xylene 

to toluene were similar. 

However, the highest removal efficiency for p-xylene (Figure 53(b)) was only 
about 70 percent, compared to greater than 90 percent for benzene. The remov- 
als of p-xylene decreased dramatically as its loading increased. At the highest 
loading rates, only 14 and 15 percent of the p-xylene were removed during Ss7 
and Ss8, respectively. Since the degradation of p-xylene was by cometabolism, it 
yielded no electrons for its own oxygenation. In addition, at high loading rates, 
the concentration of toluene was high. The inhibition caused the removal of p- 
xylene to decrease. 

Since the p-xylene intermediates were not degraded in the reactor, the COD re- 
moval efficiencies for Ss8 (Figure 54) were always lower than for Ss7. Similar to 
Figure 42, the COD removal efficiency increased with COD loading initially and 
leveled off at the highest COD loading rate. For dual-substrate studies of tolu- 
ene/benzene and toluene/xylene, the COD removal efficiencies reached their 
maximum values at the loading rate of 23 gCOD/m2-day and did not change be- 
tween 23 and 32 gCOD/m2-day. 
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The runs with toluene and p-xylene were also regrouped as dual substrates into 

five groups, similar to those shown in Table 13. The average COD loading rates 

for Groups 6 to 10 are 8.4, 11.7, 16.5, 23.0, and 32.2 gCOD/m2-day, respectively. 

The same trends shown for toluene and benzene as dual substrates, presented in 

Figures 44 to 49, are observed for toluene and p-xylene as dual substrates. For 

example, Figure 55 shows the relationship between toluene and p-xylene loading 

rates and their mass fluxes into the biofilm during Ss7-Ss8, which was similar to 

that shown in Figure 48 for toluene and benzene — the fluxes of toluene and 

benzene increased with increased loading rates. 
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Summary 

The experiments using toluene and p-xylene as dual substrates focused on 
studying how the interactions between a primary substrate and a cometabolite 
affect reactor performance. P. putida Fl degrades p-xylene cometabolically us- 
ing the same enzyme that degrades toluene. Therefore, the inhibition effect be- 
tween toluene and p-xylene was similar to that between toluene and benzene. 
The COD loading during the experiments was maintained at a constant level, 
while the benzene mole fractions changed from 0.056 to 0.13, a 130 percent in- 
crease. 

Many trends for toluene/benzene degradation as dual substrates also were ob- 
served for toluene/xylene experiments. The biggest difference between the 
studies was that the removal efficiencies for p-xylene were much lower than for 
benzene. At the highest COD loading rates, only slightly greater than 10 percent 
of the xylene was removed. The degradation of p-xylene uses electrons released 
by the degradation of toluene intermediate or biomass respiration, which was 
controlled by toluene inhibition and oxygen availability, respectively. Therefore, 
higher toluene concentration lowers the rate of p-xylene removal by direct inhibi- 
tion to p-xylene, indirect inhibition to its electron source, and low oxygen concen- 
tration associated with the high toluene concentrations. Consequently, a higher 
loading of the primary substrate toluene actually lowered the removal of the 
cometabolite p-xylene (Figure 55(b)). The trends suggest that, if the total COD 
loading was higher, the removal of p-xylene could drop to near zero. 
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6  Nitroglycerin Removal 

Introduction 

So far in this study, it has been demonstrated that a three-phase circulating-bed 
biofilm reactor inoculated by P. putida Fl is effective for removing BTX-related 
aromatic hydrocarbons present in gas streams. This chapter describes the abil- 
ity of the same system to remove NG from the liquid phase. NG, also called glyc- 
erol trinitrate (GTN), contains three nitrate ester groups on a glycerol skeleton. 
Since naturally occurring nitrate esters have not been found (White and Snape 
1993), NG is a xenobiotic compound. It has been widely used in the production of 
explosives and propellants and as a vasodilator in pharmaceuticals. During its 
production and usage, NG often contaminates wastewaters (Pesari and Grasso 
1993). NG, as well as its incompletely nitrated byproducts such as glycerol dini- 
trate (GDN) and glycerol mononitrate isomers (GMN), is toxic to a number of 
mammalian species and microorganisms. For example, NG is toxic to mammal- 
ian species in concentrations of 30-1300 mg/kg (Wendt, Cornell, and Kaplan 
1978). 

Traditionally, NG has been removed from wastewater using physical and chemi- 
cal methods. The physical process usually uses activated carbon to absorb the 
NG in wastewater and requires further treatment before final disposal. The 
chemical treatment methods are usually limited to hydrolysis with strong caustic 
solutions or denitration with alkaline sodium sulfide. While effective in treating 
the NG, the chemical reactions are exothermic, which can present a safety haz- 
ard due to the explosive nature of NG. In addition, a large quantity of chemicals 
is needed, and the excess reactants have to be further treated before being re- 
leased into the environment. 

In recent years, microbial degradation of NG has been studied by a number of 
researchers. Key information on the studies of bacterial degradation of NG is 
listed in Table 14. Although NG is a true xenobiotic compound, it is degradable 
by fungi (Ducrocq, Servy, and Lenfant 1989, 1990; Servent et al. 1991, 1992; and 
Zhang et al. 1997) and bacteria (Wendt, Cornell, and Kaplan 1978; Pesari and 
Grasso 1993; Meng et al. 1995; White, Snape, and Nicklin 1996; Blehert et al. 
1997; Christodoulatos, Bhaumik, and Brodman 1997; and Bhaumik et al. 1997, 
1998).   The consensus is that NG is reductively denitrated stepwise to GDN, 
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GMN, and eventually glycerol. Figure 56 shows these steps, which seem to occur 
aerobically or anaerobically. Although the pathway for NG biotransformation is 
known, the kinetic details of NG degradation are still an active topic of study. 

Table 14 shows that a number of mixed cultures and bacterial strains are capa- 
ble of degrading NG under aerobic or anaerobic conditions. While some studies 
isolated the NG-degraders from sources that had been exposed to NG or other 
nitrate esters, others showed that many bacterial strains from activated sludge 
also could degrade NG. This latter finding suggests that the enzymes involved 
in NG degradation probably are nonspecific to NG. This hypothesis is supported 
by the following studies. Blehert et al. (1997) tested 16 bacterial strains that 
had not been previously exposed to NG and found that 9 strains were able to de- 
grade more than 90 percent of the NG at low concentrations (0.44 mM). The bac- 
terial strains tested NG-degradable included two E. coli strains, several Pseu- 
domonas strains, and several KLebsiella strains. Meng et al. (1995) studied NG 
degradation using bacteria isolated from sites exposed to nitrate esters. They 
reported that the NG-degrading enzymes were expressed constitutively (i.e., NG 
was not needed for the induction of the enzymes). Based on thermodynamic 
principles and the NG degradation pathway (Figure 56), Smet, VanLangehove, 
and Verstraete (1996) also concluded that complete degradation of NG under 
aerobic or anaerobic conditions was theoretically feasible without using addi- 
tional carbon or nitrogen sources. 

Even though a wide range of bacterial cultures can degrade NG, most of the 
them cannot use NG as a sole carbon source (Wendt, Cornell, and Kaplan 1978; 
Pesari and Grasso 1993; White, Snape, and Nicklin 1996; Blehert et al. 1997; 
Bhaumik et al. 1997, 1998). Christodoulatos, Bhaumik, and Brodman (1997) re- 
ported that a mixed culture from anaerobic digester sludge could use NG as a 
sole carbon source, but the rate of utilization was very slow; thus, long retention 
times were required to achieve adequate efficiency. Although, under most cir- 
cumstances, NG was degraded cometabolically by bacteria grown on easily de- 
gradable carbon sources (Table 14), Bhaumik et al. (1997 and 1998) reported 
that the rate of NG degradation depended strongly on the concentration of the 
primary electron-donor substrate, glucose. Bhaumik et al. (1998) reported that 
aerobic denitration reaction stopped once the primary donor substrate was de- 
pleted. Some bacteria could not use NG as a nitrogen source (Wendt, Cornell, 
and Kaplan 1978), but others demonstrated an ability to use NG as sole N- 
sources (White, Snape, and Nicklin 1996; and Blehert et al. 1997). 

The reason for cometabolism of NG lies in the kinetics of its degradation. 
Wendt, Cornell, and Kaplan (1978) reported that each reaction in the NG degra- 
dation pathway proceeds more slowly than its proceeding one.   Bhaumik et al. 
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(1997 and 1998) also reported that the denitration of GMN to glycerol was the 
slowest step, and other studies with pure cultures were not able to demonstrate 
conversion of GMN to glycerol (White, Snape, and Nicklin 1996; and Blehert et 
al. 1997). Due to the kinetics, intermediates should accumulate during biodeg- 
radation of NG, and they have been confirmed, as shown in Table 14. Since use- 
able carbon and electrons can be released only from degradation of glycerol, it is 
difficult for the bacteria to use NG as a sole carbon and electron source. 

Another kinetic aspect of NG degradation is its regiospecificity during denitra- 
tion. Figure 56 shows that NG can be degraded to glycerol via three paths: NG 
-> 1,2-GDN -> 1-GMN; NG -> 1,2-GDN -> 2-GMN; or NG -> 1,3-GDN -> 1-GMN. 
In most cases, the majority of NG was converted through the third path (White, 
Snape, and Nicklin 1996; Blehert et al. 1997; Christodoulatos, Bhaumik, and 
Brodman 1997; Bhaumik et al. 1997, 1998). The enzymes have a strong regio- 
selectivity for the C-2 position. However, Blehert et al. (1997) also reported that 
one of the two strains studied, P. putida II-B, attacked the three nitrate groups 
randomly, while the other strain, P. fluorescens I-C, attacked the C-2 location 
preferably. 
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Figure 56. Potential biological pathway of NG denitration. 
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Two types of denitration reactions, illustrated in Figure 57, have been proposed 
for the removal of the nitrite group from NG. Direct reductive denitration is 
shown in the bottom part of the figure and is the consensus pathway. This same 
mechanism is found in fungal denitration reactions (Servent et al. 1991 and 
1992). White, Snape, and Nicklin (1996) and Blehert et al. (1997) reported that 
adding NAD(P)H to the system accelerated the rate of denitration reactions. 
However, Meng et al. (1995) found NADH or other cofactors were not required 
for denitration. They did, however, observe that nitrite, instead of nitrate, was 
formed during denitration reaction. Thus, Meng et al. (1995) proposed a hydro- 
lytic reaction followed by nitrate reduction as the denitration mechanism. Be- 
cause two electrons are required in each proposed pathway, the net outcome is 
the same: NAD(P)H is required, and N02" + H+ are produced. 

CH2-0-N02 CH2-0-N02 

CH-0-N02 1              z + H20-^CH-0-H       +H+ + NO3- 
CH2-0-N02 CH2-0-N02 

N03" ^*     ^     ISU2   1 112U 
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(a) 

N02" 
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1 
CH-0-N02 

J       CH2-0-N02 

.^-^    ^"       CL1-LM1 

CH2-0-N02 f                     CH2-0-N02 

H+ + 2e" 

(b) 
Figure 57. Possible denitration mechanisms, (a), hydrolytic 
reaction followed by nitrate reduction; (b) direct reductive 
reaction. 

Experiments 

The study of NG removal from the circulating-bed biofilm reactor was conducted 
after the experiments of BTX removal from gas streams were completed. The 
VOC in the gas stream was returned to 100 percent toluene, and the reactor 
loading was set to the same value as Steady State 3 (i.e., 15.5 mol/m3-day [Table 
9]). The total gas and liquid flowrates were at 532-537 mL/min and 42.2 mL/min, 
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respectively, the same as those for the original Steady State 3. When the NG- 
degradation experiments began 2 wk later, the biofilm reactor was performing 
similarly to the original Steady State 3. Averages of the measurements of sev- 
eral variables on three consecutive days were all in good agreement with the 
values at the original Steady State 3, which also were averages of three days' 
data (Table 15). Since the second Steady State 3 for NG removal was developed 
2 mo after the first one, data in Table 15 indicate that the same amount of bio- 
mass was maintained in the reactor, and its activity was not permanently af- 
fected during the periods of multi-substrate loading. 

The NG-removal experiments were designed similarly to the experiments de- 
scribed in Chapter 3. Once the reactor achieved steady state for degrading tolu- 
ene, NG stock solution was fed into the reactor through an independent liquid 
influent line connected to one of the liquid sampling ports. NG stock solution 
(500 mg/L) was prepared by dissolving 4 grams of pure NG into 8 L of minimum 
mineral media. The flowrate of NG stock was 0.422 mL/min, giving an overall 
NG feed concentration of 5 mg/L (22.0 u.M). Throughout the experiments, the 
flowrate and loading conditions of toluene and nutrients were not changed. All 
the variables shown in Table 15 and the concentrations of NG/GDN/GMN were 
monitored until the concentrations of NG/GDN/GMN in the effluent reached 
steady states. 

The constant NG feed was maintained for 1 wk and monitored every 2 days. 
Two short-term pseudo-steady-state experiments similar to those described in 
Chapter 3 were conducted 1 wk later. The NG feed concentrations for the short- 
term experiments were 10 and 15 mg/L (44 and 66 uM), respectively. The same 
measurements done during the dynamic experiments were performed. The reac- 
tor was returned to toluene-only condition after the short-term experiments. 

Table 15. Circulating-bed reactor performance during two identical steady states. 

SS3, original SS3,65 days later 

Toluene Loading (mol/m2-day) 0.059 0.059 

Suspended Biomass (mg/L) 42 44 
Fixed Biomass (mg/carrier) 2.0 2.1 
Toluene in Liquid Effluent (mg/L) 1.2 1.4 
Toluene in Gas Effluent (mg/L) 0.54 0.36 

COD in Liquid Effluent (mgCOD/L) 9.5 6.8 
Dissolved Oxygen (DO) (ppm) 3.1 3.2 
Toluene Removal (%) 88 91 
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Results and Discussion 

Figure 58 shows the dynamic responses of NG, GDN, and GMN (estimated by 
mass balance assuming it is not reduced to glycerol) in the liquid-effluent after 
the reactor started receiving 5 mg/L (22.0 uM) of NG. The reactor had a liquid 
retention time of 1.1 h. Figure 58 shows that it took three to five liquid-retention 
times for the concentrations of NG/GDN/GMN to reach steady states. NG was 
transformed immediately after entering the reactor, as shown by the detection of 
GDN in the effluent. The GMN concentration is plotted only for the last three 
data points, where it was at steady state. The total amount of NG, GDN, and 
GMN equals the NG in the influent after all three components reach steady 
state, because the concentration of GMN was calculated by mass balance. The 
biomass attached to the carriers (2.08 mg biomass/carrier, or 4.34 g biomass/L of 
reactor volume) was able to degrade 46 percent of the influent NG to its inter- 
mediates with a liquid detention time of 1.1 h. 

The effluent concentrations of NG/GDN/GMN during the week of steady-state 
operation are shown in Figure 59. They stayed nearly constant during the pe- 
riod, although that the NG concentration increased slightly after the first day, 
causing the concentration of GMN to dip slightly, and the product removal of NG 
to decline to 40 percent. Figures 58 and 59 show the (estimated) steady-state 
concentration of GMN was roughly equal to that of GDN, although a significant 
amount of NG was still in the liquid phase. This phenomenon was different from 
what was observed in the batch reactors, in which the concentration of GDN was 
much higher than GMN when NG was present. 
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Figure 58. Dynamic responses of NG, GDN, and GMN (estimated) in 
the liquid effluent of circulating-bed biofilm reactor fed with 22.0 |iM 
ofNG. 
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Figure 59. Steady-state concentrations of NG, GDN, and GMN (estimated) in the 
liquid effluent of the circulating-bed biofilm reactor fed with 22.0 nM of NG. 

The increased formation of GMN in the circulating bed probably is caused by the 
thick biofilm accumulation inside the carriers. In the circulating-bed, most of 
the biomass was immobilized inside the carriers, where it used most of the pri- 
mary substrate, toluene, to produce the electrons for cometabolism. Because NG 
is degraded much more slowly than toluene, it diffuses deeper into the biofilm 
before being reduced to GDN. The GDN produced in the biofilm then diffuses 
outward through the biofilm, at which time it is further reduced to GMN. Since 
the toluene concentration is the highest near the biofilm surface, the amount of 
electrons available for the reductive denitration reaction is high along the path 
of GDN diffusion, where further reduction of GDN to GMN occurs. Thus, the 
large biofilm accumulation in the carriers of the circulating-bed biofilm reactor 
favored reduction of GDN to GMN. 

The removals of NG during the steady state and the two pseudo-steady states 
are shown in Figure 60. When the concentration of NG in the liquid influent was 
increased from 22.0 to 66.1 |aM, the NG transformed in the reactor increased 
from 0.19 to 0.41 mole/m3-day. However, the rate of increase of NG removal 
slowed for the higher NG loading. The percentages of NG transformation are 
shown in Figure 61. When the NG loading in the liquid was increased, the NG 
removal as a percentage of that in the influent dropped from 40 to 28 percent. 
The percentage of transformation from NG to GDN only decreased slightly (~1 
percent) throughout the loading range, but the percentage of transformation to 
GMN dropped from 22 to 12 percent, almost parallel to the decrease of overall 
NG removal. The slowed NG conversion to GMN suggests a limit on how many 
electrons are available for cometabolism for a fixed toluene-loading rate. Elec- 
tron limitation should favor the transformation of NG to GDN, due to its faster 
rate. Thus, reduction of GDN to GMN did not increase at all when the NG con- 
centration increased from 40 to 60 jaM. 
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Figure 60. NG removal and GDN/GMN production in the circulating-bed 
biofilm reactor during the steady state and pseudo-steady-states experiments. 
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Figure 61. Transformation of NG during the steady state and pseudo- 
steady-states experiments. 

Other aspects of reactor performance are shown in Table 16. For comparison, 
data in the first column are steady-state results without NG loading, which was 
shown in Table 15. Table 16 shows that the reactor performance for removing 
toluene was only minimally affected by NG for the amount of NG treated. This 
minimal impact probably occurred because only two electrons are needed to 
transform NG to GDN, while every molecule of toluene can generate 36 electrons 
when completely oxidized to C02. Since the total NG loading was small com- 
pared to the toluene loading, the number of electrons used by cometabolism of 
NG was only a small portion of the total number of electrons released from tolu- 
ene. Table 16 shows that only 0.23 percent of the electrons released from toluene 
was needed to reduce NG to GDN and GMN. 
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Table 16. Circulating-bed reactor performance during NG-removal experiments. 

HG in Liquid Feed ^M) None 22.0 44.1 66.1 

Toluene Loading (mol/m2-day) 0.059 0.059 0.059 0.059 

Suspended Biomass (mg/l) 44 44 48 36 

Toluene in Liquid Effluent (mg/l) 1-4 1.6 1.0 1.6 

Toluene in Gas Effluent (mg/l) 0.36 0.39 0.37 0.40 

COD in Liquid Effluent (mgCOD/l) 6.8 8.7 12 14 

Dissolved Oxygen (DO) (ppm) 3.2 3.2 3.1 3.0 

Reactor Liquid Temperature (°C) 21 21 21 21 

Toluene Removal (%) 91 90 91 90 

% of electrons used by denitration reac- 0.00 0.12 0.21 0.23 
tion to GDN and GMN 

The increase of COD in the reactor effluent was primarily caused by the increase 
of NG loading. Based on their molecular formula, the COD for NG, GDN, and 
GMN are 0.28 mgCOD/mgNG, 0.44 mgCOD/mgGDN, and 0.70 mgCOD/mgGMN, 
respectively. Using the measured steady-state COD value when no NG was fed 
(6.8 mgCOD/L) and the concentrations of NG/GDN/GMN in the effluent at the 
three NG loading rates, the effluent total CODs were calculated to be 8.3 
mgCOD/L, 9.8 mgCOD/L, and 11 mgCOD/L, respectively. These values are only 
0.34 mgCOD/L, 1.8 mgCOD/L, and 2.9 mgCOD/L lower than the measured COD 
values in the effluent, respectively. The differences in COD may have been 
caused by small increases in toluene intermediates in the effluent because of the 
cometabolic reactions or inhibition effects. 

Table 16 also shows that the DO concentration decreased slightly when the NG 
loading increased. Since the toluene removal hardly changed at these loading 
rates and NG denitration did not require oxygen as a cosubstrate, the lowered 
DO values at higher NG loading rates suggest that an additional source of elec- 
trons might be present. One possibility was that glycerol might be formed from 
GMN denitration in the circulating bed and subsequently oxidized. Because the 
biomass in the circulating-bed reactor had been fed with NG for 1 wk when the 
pseudo-steady-state experiments began, the biomass might have adapted to de- 
grade NG completely. However, the soluble COD values computed using the es- 
timated GMN concentration suggest that the GMN remained undegraded. 

Summary 

In summary, prior studies of NG denitration by various bacterial cultures sug- 
gest that many organisms have the ability to degrade the xenobiotic compound 
NG and its denitrated intermediates. Most of the bacterial cultures did not use 
NG as a carbon and electron source, but used it cometabolically. The nitrite re- 
leased from NG degradation could serve as a nitrogen source for biomass growth. 
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The circulating-bed biofilm reactor inoculated with P. putida Fl could remove 
NG immediately upon its addition, and steady-state removal was approximately 
28 to 40 percent, depending on the NG loading rates. Only about one half of the 
NG transformed accumulated as GDN, and the large biofilm accumulation in the 
carrier is implicated as the reason that significant transformation occurred be- 
yond GDN. 
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7  Conclusions and Practical Implications 

Using biofilm reactors to treat VOC-contaminated waste gas streams has gained 
tremendous attention in recent years. However, the kinetic fundamentals of the 
process are still being explored, particularly because of the complex nature of the 
biodegradation reactions involved and the interactions among the VOCs being 
removed. Using BTX as the model VOCs and P. putida Fl as the model bacterial 
culture, this study investigated the removals of BTX from gas streams in a three- 
phase circulating-bed biofilm reactor. The following main conclusions can be 
drawn from the results of this study. 

Hydrodynamic experiments of the circulating-bed reactor confirmed that the car- 
riers and bulk liquid were well mixed in the reactor. The characteristic of oxy- 
gen gas-liquid mass transfer in the reactor was similar to that in other similarly 
designed circulating-bed reactors. DO concentrations in the liquid indicated that 
oxygen in the gas and liquid was not at equihbrium. The VOCs (BTX) in the gas 
and liquid phases, on the other hand, were at equilibrium throughout the study. 
Therefore, although the removals of BTX and oxygen in the reactor drive their 
gas-liquid mass transfers, the gas-liquid mass transfer of BTX was fast relative 
to their removals, while potentially the gas-liquid mass transfer of oxygen could 
be rate limiting to the BTX removals. 

The suspended biomass was subjected to short-term loading shocks because it 
was not protected from washout, but it was always less than 1 percent of the to- 
tal biomass in the reactor. The biofilm accumulation in the carriers increased 
proportionally to the COD loading rates during the first three steady states, and 
was near constant in the next five steady states when the COD loading was con- 
stant. In this study, higher biofilm accumulation in the carriers showed adverse 
effects on reactor performance. A reduction in toluene and COD removal can be 
attributed to the increased oxygen demand due to biomass respiration. 

When toluene was the sole substrate in the circulating-bed biofilm reactor, its 
removals were most strongly controlled by oxygen. When oxygen loading was 
insufficient or toluene was overloaded, the toluene removals decreased dramati- 
cally, and significant concentrations of toluene and its intermediates accumu- 
lated in the effluent. On the other hand, the removals of the toluene intermedi- 
ate were most strongly controlled by noncompetitive inhibition from toluene. 
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Consequently, lowered oxygen or increased toluene loading in the reactor caused 
accumulation of toluene in the bulk liquid phase, which in turn forced more tolu- 
ene intermediate to be removed inside the biofilm, where inhibition from toluene 
was relieved. A change in direction for the intermediate mass flux from out of to 
into the biofilm demonstrated the biofilm's protection role. The suspended bio- 
mass contributed to the removals of toluene and its intermediate, therefore, 
could not be neglected. The suspended biomass played its most important role 
when oxygen limitation was significant, because the suspended biomass was less 
affected by diffusion limitation. 

When toluene and benzene or toluene and p-xylene were removed simultane- 
ously in the circulating-bed biofilm, their inhibition to each other forced more 
VOCs to be removed inside the biofilm. In this case, biofilm provided protection 
for metabolism of the VOCs and their intermediates from substrate inhibition at 
higher concentrations. Because the inhibition among BTX was truly competi- 
tive, the compound present at the lower concentration was affected more by the 
stronger inhibition from the compound at higher concentration. Consequently, a 
higher fraction of the low-concentration VOC was removed in the biofilm than 
the high-concentration one. Because the p-xylene intermediate was not de- 
graded in the reactor, the removal efficiencies for COD were worse than that for 
the VOCs. Because of these complex interactions among the substrates, inter- 
mediates, and total COD, the concentrations of COD and individual VOCs 
should be monitored. 

In this study, a removal "capacity" was observed in the reactor above which the 
reactor performance did not increase with increased loading rates. For example, 
when toluene was used as the sole substrate and the gas stream was 100 percent 
air, the highest removal toluene fluxes into the biofilm (surface removal rate) 
were 0.080, 0.058, and 0.051 mol/m2-day for Ssl-Ss3, respectively. In units of 
g/m3-h, the biofilm removal capacities were 81, 58, and 52 g/m3-h for Ssl-Ss3, re- 
spectively. Since some toluene also was removed in the liquid phase, the total 
removals in the reactor were slightly higher. These capacities were in the upper 
range of values found in many fixed-bed biofilters treating toluene. Pedersen 
and Arvin (1997) summarized the toluene removal capacities for nearly a dozen 
fixed-bed biofilters published in literature and found the toluene removal capaci- 
ties varied from 9 to 80 g/m3-h. Compared with fixed-bed biofilm reactors, the 
circulating-bed design offers great advantages of no bed clogging due to excess 
biomass growth and easy management of biofilm surface area, both of which are 
important in maintaining long-term stable and consistent operation of the bio- 
film system. 
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Lowering the biofilm accumulation and/or increasing the total surface area of the 
carriers can enhance the removal capacity of the circulating-bed biofilm reactor. 
Compared to fixed-bed biofilters, one significant advantage to the circulating-bed 
is that the total biofilm surface can be easily controlled by the carrier size and 
amount of carriers loaded. In a fixed-bed biofilter, excess growth of biomass can 
clog the spaces among the carriers and lower the total biofilm surface area avail- 
able. Because the biofilm surface was a constant in this study, the biofilm activ- 
ity in the reactor was stable and behaved consistently during the several months 
of continuous operation with periodic short-term loading shocks of single or dual 
substrates. Therefore, the reactor design used in this study is suitable for 
studying the biofilm kinetics or removing VOC-contaminated gas streams in 

practice. 

In practice, the contaminated gas streams seldom contain a single substrate. 
BTX degradation is a good example in which the substrates are of different 
types, either electron donating or cometabolic, and interact with each other 
during reaction. The results of this study provide the insights needed on how 
these different types of compounds are removed and the critical issues for im- 
provements in reactor performance. Since the removal efficiencies for each com- 
pound are usually different and some compounds may not degrade completely, 
removals of both COD and individual substrates should be monitored to better 
access the reactor performance. 

The bacterial culture used in this study, P. putida Fl, can reduce NG with the 
presence of a primary electron donor substrate, such as toluene. During the de- 
nitration of NG, its partially denitrated compounds of GDN and probably GMN 
accumulated in the reactors. In the circulating-bed biofilm reactor, NG was de- 
graded immediately upon its addition, and steady-state removal was approxi- 
mately 28 to 40 percent, depending on the NG loading rates. NG degradation 
consumed only a small fraction of the electrons released by toluene degradation. 
Only about one-half of the NG transformed accumulated as GDN, and the large 
biofilm accumulation in the carrier is implicated as the reason that significant 
denitration reduction occurred beyond GDN. 
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